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The factors which control volatile organic chemical 
(VOC) release from the soil matrix under various conditions 
were studied in a series of column experiments designed to 
separately investigate each of the important mechanisms in 
soil vapor extraction (SVE). Three types of column 
experiments were performed using toluene as the VOC in Ottawa 
sand packs with and without humic acid: (1) Extraction of
dissolved toluene from retained water, at different flow 
rates and stripping gas relative humidity?, (2) Vapor phase 
toluene adsorption and desorption to observe adsorbability of 
toluene onto soil mineral matter and humic acid (as the soil 
organic) at either dry or saturated stripping gas conditions 
and (3) Evaporation of liquid phase toluene from either a dry 
or unsaturated soil column.
Design of the experiments were based on an extensive 
review of the previous laboratory studies on SVE. From 
reviewing this work it became evident that two types of 
studies were conducted: laboratory simulation of field
conditions and mechanistic investigations of mass transfer 
processes. This work carried further the research into 
mechanistic studies.
A total of 19 SVE experiments were performed in a 
stainless steel column packed with an Ottawa sand mixture of
iii
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particle sizes, ranging from 0.045 mm to 0.85 mm. Purified 
nitrogen was used as the stripping gas and was also 
preconditioned to deliver toluene vapor to the soil column at 
various relative humidities.
The results of these experiments are described along 
with a simple but illustrative model of liquid-gas mass 
transfer. This model gives an indication of the residence 
time necessary for the vapor phase VOC concentration to reach 
equilibrium saturation with respect to the aqueous phase VOC 
concentration. From experimental investigations, it was 
noticed that liquid phase mass transfer from retained water 
may control VOC removal with respect to volume of stripping 
gas. Under these circumstances, reduced air flow or 
intermittent flow may provide effective remediation while 
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Soil vapor extraction (SVE) is frequently used to 
remediate unsaturated soils contaminated by volatile organic 
chemicals (VOC). SVE technology is commonly applied to 
petroleum hydrocarbons, ranging from gasoline to jet fuel and 
various types of industrial solvents, such as toluene and 
trichloroethylene. Upon a release, VOC liquid percolates 
through the subsurface soil displacing air and water in the 
pore voids until eventually reaching the water table. In the 
case of a VOC which is more dense than water (e.g., a 
chlorinated solvent), migration will continue down through 
the saturated region, until reaching a confining geologic 
unit. VOC liquids which are less dense than water will 
spread laterally on top of the water table away from the 
spill origin predominantly in the general direction of the 
hydraulic gradient.
The VOC remains in the unsaturated region in a 
quasi-equilibrium state with the soil particle, water, and 
soil gas, as a result of capillary forces and surface tension 
between liquids and solid particles. For example in a fine 
grain sand with a water content ranging between 2 and 10
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percent, the amount of gasoline retained can range from 30 
to 40 grams of gasoline per kilogram of soil (Hoag and 
Marley, 1986). The residual liquid held within the vadose 
zone then becomes a continual source for ground water 
contamination, even after the free VOC liquid phase has been 
removed. Free liquid or infiltrating phase is that phase of 
the VOC which is not immobilized by capillary forces. Using 
SVE for removing the residually held contamination is the 
focus of this research.
A simplified schematic of SVE is presented in 
Figure 1.1. All forms of contamination (retained VOC liquid, 
VOC dissolved in the vadose zone water, and VOC vapor) in the 
vadose zone, which is defined as the soil region between the 
ground surface and the water table (Remson and Randolph,
1962), are designated residual contamination. The VOC 
dissolved in ground water is shown but is not the focus of 
this research. A well is shown drilled in the contaminated 
region to allow for vapor movement through the vadose zone.
As a rule of thumb, SVE is applicable for vadose zone 
thicknesses greater than 5 feet in depth (Woodward-Clyde, 
1988) . A shallow vadose zone limits the lateral influence of 
an extraction well because the air will short circuit from 
the surface close to the well and bypass much of the 
contaminated soil.
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An SVE well is usually completed using a 2 or 4 inch 
casing with slotted or perforated screen 5 to 15 feet in 
length (Woodward-Clyde, 1988). Sand or pea gravel is placed 
within the annular space between the well casing and the 
drilled boring, acting as a filter pack. A grout usually 
consisting of bentonite and cement is pored above the screen 
to the ground surface. A single well installation is shown 
(Figure 1.1) to represent an application. In practice 
multiple wells are installed in a grid or random pattern 
throughout a contaminated region to provide good air sweep of 
the entire region. Soil gas extraction is not limited to 
wells. For instance trenches excavated with a backhoe and 
completed with slotted pipe placed horizontally within a 
gravel backfill are used frequently in applications of low 
vapor flow or minimal vadose zone thickness. Unconventional 
well configurations have been used with success such as 
excavated regions from a tank pull which have been backfilled 
with pea gravel (Gierke, 1990).
Vacuum or pressure for fluid movement is accomplished 
using a regenerative, centrifugal blower or a positive 
displacement device like a vacuum pump. Under vacuum, a 
pressure gradient is established between the well and the 
atmospheric air forcing vapor movement through the vadose 
zone. As the air moves through the soil it displaces the 
soil atmosphere saturated with VOC vapor and as a result
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creates a concentration gradient for evaporation of liquid 
product, transfer of the dissolved phase to the vapor, and 
desorption of the adsorbed phase. The mechanism of these 
mass transfer operations was the focus of the experimental 
phase of this research effort.
Vapor movement through the vadose zone is heavily 
dependent upon surface conditions such as buildings and 
pavement and subsurface conditions such as buried tanks, soil 
physical properties and vadose zone geology. Flow lines are 
shown in Figure 1.1 representing vapor movement through an 
assumed homogeneous and isotropic soil unit. Homogeneity 
means that the soil unit has the same properties (i.e., 
porosity and grain size distribution) in all directions. 
Isotropy means the permeability of the soil unit is the same 
in all directions (Fetter, 1988). In addition, the flow 
lines shown are postulated based on the assumed surface seal. 
The effect of a surface seal is indicated by the flattening 
of the flow lines as the vapor moves towards the well. The 
advantage of radial flow is that the radius of influence of a 
well is increased. Without a surface seal the flow lines are 
curved upwards to the surface a short distance from the well 
(Wilson, et al., 1989).
If air recharge from the surface is limited because of 
an extensive surface seal or an increased flow rate is 
necessary to accelerate the cleanup process, air injection
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from outlying wells is used. In the case of an extensive 
surface seal, a majority of the air produced by the 
extraction well would come from air injection wells. In 
contrast, if a limited area of the surface is sealed, a 
majority of the air drawn to the extraction well enters from 
the atmosphere surface interface rather than from air 
injection (Wilson, et al., 1989) and (Hutzler, et al., 1989).
An important consideration and frequently the most 
costly is the management of the extracted vapors. During the 
course of an extraction, soil gas concentrations can range 
from completely saturated (greater than 2 0% by volume) to 
trace levels. As a result, soil gas treatment must remain 
flexible to handle variable concentration levels (Pederson 
and Curtis, 1991). For petroleum hydrocarbon VOC's 
concentrations above 10,000 parts per million (ppm), thermal 
oxidation is recommended. Thermal oxidizers are readily 
available for this type of application through either 
purchase or rental agreements. Thermal oxidation of most VOC 
petroleum hydrocarbon can be as high as 99.99%. VOC's in air 
concentrations ranging from 7,500 to 10,000 ppm, thermal 
oxidation becomes less efficient due to its reduced 
combustibility. For concentration between 500 and 7,500 ppm 
catalytic oxidation is suggested. Catalytic oxidation 
employs a precious metal catalyst which lowers the oxidation 
temperature to less than 800°F to provide combustion
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efficiencies greater than 98 percent. Concentrations below 
500 ppm do not supply enough combustion value for oxidation 
process to be efficient. The suggested treatment in this 
case is activated carbon adsorption. Depending on the air 
quality standards of the state or region direct atmospheric 
emissions may be permitted.
1.2 The Vadose Zone
The vadose zone is defined as the region between the 
water table and the land surface (Remson and Randolph,
19 62). In hydrogeologic terms the vadose zone is the zone in 
which the pore voids are not filled (except temporarily) with 
water. The solid, liquid and vapor phases are defined by the 
soil physical properties such as texture, structure, density, 
porosity, water content, consistency, temperature, and color.
The vertical cross section profile of the vadose zone 
consists of distinct layers (Hillel, 1981) . These layers may 
result from a pattern of deposition, or sedimentation as 
observed in wind-deposited (eolian) soils and water-deposited 
(alluvial) soils. Layers may also form in place by internal 
(pedogenic) processes, which is the weathering of host rock 
material. The soil material or solid phase consists mainly 
of discrete mineral particles and amorphous compounds (i.e., 
mineral and organic matter). Mineral soils are formed by 
weathering of rock masses. Organic soils develop mostly from
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plant residues that are preserved by the low oxygen 
environment of shallow stagnant waters (Troch, 1980). Soil 
texture defines the soil matter by particle size. The three 
distinct texturing groupings are sands, silts, and clays. 
Particle size ranges (ASTM) are: sands, 2 mm to 0.05 mm; 
silts, 0.05 to 0.002 mm; and clays, 0.002 mm and less. The 
separation of soil into various size groups is called the 
mechanical analysis and the relative proportions of the 
separates is the texture. These properties are important 
because other properties such as water intake rates, storage 
capacity and permeability are related to soil texture.
As mentioned earlier, soil organic matter derives from 
the remains of organic plants, animals, and microbes (Atlas 
and Bartha, 1987). The organic matter is usually divided 
into two groups: nonhumic substances, and humic substances
(Schnitzer and Khan, 1978). Nonhumic substances include 
compounds which have recognizable chemical characteristics 
and in general are easily degraded by the soil 
microorganisms. The bulk of the organic matter in soils 
consists of humic substances. Humic substances are 
amorphous, brown or black, hydrophilic, acidic and range in 
molecular weight from several hundred, to several thousands 
(Schnitzer and Khan, 1972). Humic substances can be 
fractionated into three substances: humic acid, fulvic acid 
and humin. Some important characteristics of humic acid are:
T-3967 9
• Resistance to microbial degradations
• Ability to form water-soluble and water insoluble 
salts
• Form complexes with metal ions and hydrous oxides
• Interact with clay minerals and organic chemicals
Within the vadose zone soil moisture can be divided into 
three divisions ranging from the water table to the ground 
surface: the capillary fringe, the intermediate belt, and
the belt of soil water (Remson and Randolf, 19 62). The 
capillary fringe overlays the zone of saturation, where some 
pores are temporarily filled with or without water. This 
zone sometimes is considered to be neither within the vadose 
or saturated region but isolated where the pressure head is 
less than atmospheric (Freeze and Cherry, 1979). The 
capillary fringe is in contact with the water in the zone of 
saturation but water is held above the static water table by 
capillarity acting against gravity. The belt of soil water 
is the part of the lithosphere immediately below the land 
surface. In between these two zones is the intermediate belt 
which lies between the belt of soil water and the capillary 
fringe. This zone is of most importance to this research, 
because of the even distribution between water and air and 
because a majority of the residual VOC is retained in this
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region. The moisture in this region is the vadose zone 
water.
The vadose zone water is present in five stages: 
structural, adsorbed, pendular, funicular, and capillary. 
Figure 1.2 is a simplified schematic diagram showing these 
zones as they correspond to the soil profile after draining. 
The structural fluid is that which is part of the mineral 
structure and is immobile. The adsorbed state is when a 
small amount of water vapor adsorbed onto the surface of the 
solid particles and the pores are mostly filled with vapor. 
Adsorption of water onto the solid is mostly due to physical 
sorption from London and Van der Waals forces (Valsaraj and 
Thibodeaux, 1988). A continuous water film 1 or 2 molecules 
thick exists at this state on the soil particles. As 
additional layers form the adsorbed state becomes pendular.
In this state, the pores remain largely filled with gas, 
however, the liquid forms small isolated rings around grain 
contact points. Any continuity of the liquid exists solely 
in the adsorbed phase. With increasing water content the 
pore space is partly filled by gas and the liquid is 
continuous from one area to another within the pore spaces.
In this state, the pendular turns into the funicular zone.
At the capillary fringe the soil pores are completely filled 





found in chemical structure
Adsorbed: water adsorbed on 
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Water Surface
Figure 1.2 Vadose Zone Water Retention Profile in a Soil
Column Upon Draining, (Stallman, 1964).
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primarily held in the pendular state (Hoag and Marley,
1986).
The volume of gas content depends upon the soil texture 
and water content. In a sandy soil the volume fraction of 
gas is around 25 to 3 0 percent. In soil mixtures (called 
loam), the gas volume fraction ranges from 15 to 2 0 percent 
and for clayey soils, which tend to retain a greater amount 
of water, the soil gas can be as low as 10% (Hillel, 1981). 
Within the vadose zone, the soil gas will deviate from 
atmosphere air. Because of aerobic respiration, the C02 
concentration is typically 10 to 100 times greater than the 
atmospheric concentration of 0.03%. Oxygen is typically at 
17% down from 2 0% in the atmosphere. In extreme cases, 
oxygen can fall to much lower values. The relative humidity 
of the soil air is typically always close to 100%.
1•3 Phase Equilibrium and Transport Mechanisms
Upon drainage of the bulk liquid, the remaining VOC may 
exist in the following four separate phases: 1) a saturated 
vapor? 2) a liquid retained within the soil pores, 3) 
dissolved in the pore water? and 4) adsorbed onto the soil 
organic and mineral matter. When the vadose zone is not 
undergoing soil vapor extraction, these phases exist in 
quasi-equilibrium, meaning that, slight temperature, 
pressure, and chemical potential gradients exist naturally in
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the vadose zone due to the interconnection with the 
atmosphere.
The mass transfer of VOC between phases in an SVE 
operation is portrayed in Figure 1.3. In this simplified 
model soil matter is divided into organic and mineral 
fractions. Vadose zone water is indicated above the solid, 
liquid VOC is shown as a layer above the water, and above the 
liquid is the soil air. Mass transfer paths are indicated by 
arrows directing movement from one phase to another. A 
total of 6 paths are shown which may occur simultaneously or 
sequentially. Path number 1), evaporation of the liquid VOC 
into the vapor, is the initial removal mechanism. If a 
liquid phase VOC is present in the vadose zone, the other 
phases remain in equilibrium with the VOC liquid. For a pure 
VOC liquid there is no liquid phase mass transfer resistances 
(Johnson, 1990) and evaporation rates will be controlled by 
the usually gas phase mass transfer resistances (Cussler, 
1984) .
The second path is the mass transfer of dissolved VOC 
from the soil water to the vapor. The VOC extraction from 
water to vapor will begin after the liquid VOC source has 
evaporated.
The third path is the vapor phase desorption of the VOC 
adsorbed from the organic fractions of the soil. The fourth 
path is VOC desorption from the organic matter to the water.
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1. Evaporation of liquid VOC to the vapor
2. Extraction of dissolved VOC to the vapor
3. Desorption of VOC from the organic matter
to the vapor
4. Desorption of VOC from the organic matter
to the water
5. Desorption VOC from the mineral matter to the vapor
6. Desorption of the VOC from the mineral matter
to the water
Figure 1.3 Mass Transfer Paths for VOC in the Vadose
Zone.
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This partitioning path has been well researched for 
saturated soil systems and aquatic sediments (Karikoff,
1984). The fifth and sixth path shown are the desorption of 
the VOC adsorbed on the mineral to the vapor and water, 
respectively. The importance of these paths depend on 
whether or not water is present. A common assumption is that 
water preferentially adsorbs on the mineral over a VOC. 
Consequently, if any water is present, vapor phase VOC 
adsorption on the mineral fraction is insignificant.
These mechanisms are discussed in more detail in the 
next few pages.
Evaporation of VOC Liquid
For a single component liquid VOC, the evaporation rate 
is based solely on its vapor pressure. In addition, the 
concentration of the vapor phase above the liquid is a 
function of the vapor pressure as well. Vapor pressure is a 
physical property of the individual VOC component and is 




(Prausnitz, et al., 1986). Given temperatures and pressures 
typical of the vadose zone the right hand term can be assumed
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independent of temperature, allowing for direct integration. 
Therefore, upon integration equation 1.1 becomes:
lnP? = A-^. (1 • 2)
where A and B are constants of integration. The most 
important consideration of equation (1.2) and its extensions 
such as Antoine, Gomez-Thodos, and others is the exponential 
dependence of vapor pressure upon temperature. With this in 
mind, removal rates during evaporation of the liquid VOC can 
vary significantly with slight changes in temperature.
In the case of VOC mixtures such as gasoline, an 
equilibrium distribution of a single component establishes 
between the vapor and the liquid phases. The equation 
relating the mole fraction of a component from ideal liquid 
phase to an ideal vapor phase is known as Raoult's law,
yiP = xiP;p (1.3)
(Reid, 1987). Departures from Raoult's law occur when there 
are differing interactions (strong repulsions, or 
attractions) between the constituents in the liquid phase 
(Henley and Seader, 1981). Repulsive intermolecular 
interactions occur for mixtures of hydrocarbons dissolved in 
water. Gasoline in contrast consists of a similar individual
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components where the constituents have similar 
characteristics. During an evaporation process it can be 
seen that the more volatile components will evaporate 
initially leaving the less volatile components behind in the 
liquid phase. This type of behavior is typical when soil 
vapor extraction is applied to gasoline spills.
VOC Extraction from Retained Water
VOC dissolved in water will remain close to the 
solubility limit when liquid VOC is present. The aqueous 
solubility is different for different VOCs. In the case of 
gasoline constituents, the aromatic components (i.e., toluene 
and benzene) have the highest solubility ranging from 2 00 ppm 
to 1800 ppm. On the other hand the straight chain 
hydrocarbons such as heptane have solubilities in the low 
parts per million range. In thermodynamic terms, the aqueous 
solubility limit is reached when the chemical potentials or 
fugacities are equal in the dissolved aqueous phase and the 
liquid VOC phase (Reible and Malheit, 1989). Fugacity is a 
measure or indication of the escaping tendency of a component 
from one phase to the other. Therefore when there is no 
tendency for the constituent dissolved into the aqueous phase 
or in a VOC mixture to escape out of solution the solubility 
limit has been reached.
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After the liquid phase has completely evaporated, 
dissolved VOC will partition from the water to the vapor as a 
result of lowering the vapor phase VOC concentration. In a 
typical situation the aqueous phase VOC concentration is 
usually small. In this situation, liquid phases non­
idealities are frequently significant and an empirical 
relationship similar in form to Raoult’s law, known as 
Henry's Law, describes the VOC equilibrium between the vapor 
and aqueous solutions:
yiP =  xiH i ( 1 . 4 )
where xL and y^ are respectively the liquid and vapor phase 
mole fractions of VOC and represents an effective 
saturation pressure for the VOC dissolved in water (Mackay 
and Shiu, 1981). If the Henry's constant for a given VOC 
does not vary with VOC concentration up to its solubility 
limit then
H _ p!pp„m w
crM, ( )
provided that the concentration of the VOC in solution is 
small. Definition of the terms of this equation are 
presented in the nomenclature, Section 1.5. Henry's 
constants are temperature dependent because vapor pressure
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depends on temperature. Henry's law relationship for the 
vapor and aqueous phases are only valid for mole fraction 
below 0.01. In the case of petroleum hydrocarbons as well as 
most VOC's, (except for high soluble ones such as acetone or 
methylene chloride) Henry's law should by valid.
In terms of partitioning from the vapor to the water 
phase the dimensionless expression
CsA
K a w=-±v (1-6)
is typically used. The Henry's law constant is related to 
Kaw, assuming a dilute solution, by:
Ka„ = % ^ -  (1.7)
RTpw
R being the ideal gas constant and T the temperature.
VOC Adsorotion-Desporption From Soil Solids
An important mechanism to consider in the vadose zone is 
the sorption of VOC onto the soil matter. In saturated 
and unsaturated systems where the soil water exceeds a single 
monolayer coverage on the solid particle surface (Valsaraj 
and Thibodeaux, 1988) sorption of VOC's produces a linear 
isotherm described by the equation:
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C f  =  KpCfoil (1 • 8 )
where KP is defined as:
Kp = Km(cm)fr+Koc(oc)fa“ {1,9)
where Kn, and Koc are partition coefficients to mineral and 
organic components and cm and oc are fractional masses of 
mineral and organic carbon in the whole sediment and are 
available fractions of the respective components (Kairckhoff, 
1984) . The meaning of and Koc are given in the paper by 
Kairckhoff which are defined by various thermodynamic 
properties of the soil system and the VOC. Definitions are 
given in the nomenclature, Section 1.5.
Typically, the mineral matter behaves as a conventional 
surface sorbent and the organic matter behaves as a 
partitioning medium. Adsorption of VOC onto the soil mineral 
matter is usually a physical rather than a chemical process. 
Physical adsorption involves London or Van der Waals forces, 
which are mainly induced dipole-induced dipole. Chemical 
adsorption is rarely seen in adsorption of VOC onto soils 
because temperatures are too low (Valsaraj and Thibodeaux, 
1988). Partitioning of VOC into the organic matter follows a 
similar process as partitioning of the VOC from a vapor phase 
into the liquid phase.
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For dry soil systems, VOC films of multiple molecular 
layers can develop on the surface which usually follow a 
Brunauer, Emmett, and Teller (BET) (Type II)isotherm equation 
of the form:
P 1 E - 1 P.
ax,(P,'P- n  axmE axmE P? (1.10)
(Bond, 1987) where PL is the partial pressure of a VOC in air 
and is the saturation pressure of the component at a 
constant temperature and E is a constant related to the net 
heat of adsorption. These terms are further defined in the 
nomenclature, Section 1.5. Equation 1.10 describes the soil 
as a dual sorbent.
1.4 Thesis Organization and Objectives
The overall objective of this research was to study 
three of the mass transfer mechanism operating in an SVE 
process: evaporation of the VOC liquid, extraction of the
VOC dissolved in water, and desorption of the absorbed VOC 
onto the mineral and organic matter.
Chapter 2 theoretically describes mass transfer of a VOC 
dissolved in the retained water to the vapor phase. An 
analytical model for estimating the time to reach equilibrium 
between the retained water and the vapor phase is presented.
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The results indicate when mass transfer resistances will be 
important.
Chapter 3 reviews previous laboratory SVE such as the 
experimental objectives, equipment, and results.
Chapter 4 describes the experiment design and procedures
for this research. The factors which controlled VOC release 
were studied in a series of column experiments designed to 
separately investigate each of the important mechanisms in 
SVE; (1) evaporation of VOC liquid, (2) extraction of VOC 
dissolved in retained water, and (3) desorption of VOC from 
the solid material.
Chapter 5 presents and discusses results. These results 
are compared to previous studies and the mathematical model
presented in Chapter 2. One of the most important
conclusions from this study is that liquid phases mass 
transfer from retained water may control VOC removal rates in 
some situations.
1.5 Nomenclature
A Constant of integration for vapor pressure equation
B Constant of integration for vapor pressure equation
<**« mass of VOC adsorbed on the soil surface per mass of
soil
monolayer capacity of a VOC adsorbed to the soil 
surface per mass of soil
q a VOC air phase saturation concentration
C*a VOC water phase saturation concentration
C*0lt VOC concentration sorbed onto soil
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fractional mass of mineral phase in soil system
E  =exp [ ( H . - H ^ /R T ]  where Ha is the enthalpy of
adsorption in the first layer, and Hi the enthalpy 
liberated on forming subsequent layers.
rm
J a available fraction of the mineral surface for adsorption
ST available fraction of the organic matter in soil for adsorption
Henry's Law Constant
A«v enthalpy of vaporization
k aw VOC air-water partition coefficient
VOC mineral matter to water partition coefficient
K p Overall VOC soil-water partition coefficient
Koc VOC organic matter to water partition coefficient
Mi molecular weight of a VOC
M w molecular weight of water
oc fractional mass of organic carbon in the soil
p ambient pressure
Pi partial pressure of a VOC in air
p l1 vp VOC vapor pressure
R gas constant
T Temperature
Xi VOC in liquid phase mole fraction
yi
AZv
VOC in vapor phase mole fraction 
difference between the liquid and vapor 
compressibility factors
Greek Symbol:
pw density of water
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Chapter 2
MASS TRANSFER BETWEEN THE 
AQUEOUS/VAPOR INTERFACE
2.1 Introduction
This chapter examines theoretically the extraction of a 
VOC from retained water into the stripping gas. Most past 
SVE models assumed no mass transfer limitations exist when a 
dissolved VOC partitions into the stripping gas (Wilson, et 
al., 1989). That is the water and vapor phases are assumed 
to instantaneously equilibrate according to Henry's law. The 
model proposed by Wilson, et al. (1988) is one example of 
this approach. Assuming instantaneous equilibrium reduces 
the SVE model to one dependent variable, usually vapor phase 
concentration. The water phase concentration would be known 
from Henry's law relationship H=Cg/C1. The Wilson, et al. 
(1988) model was simplified further by assuming that the VOC 
did not exist as a liquid phase or as sorbed to the soil 
solids. When the model was compared to experimental data 
from a soil column study using literature values for H, the 
percent removal was significantly overestimated.
By forcing their model to fit the experimental results, 
they obtained apparent Henry's constants which were 
approximately 1000 times smaller than literature values.
They justify these low H values by claiming that their soil 
samples probably contained humic materials which may increase
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the aqueous solubility of the VOC. However, a thousand fold 
increase in water solubility is at least one order of 
magnitude larger than observed even with carefully matched 
surfactants (Currie, et al., 1991). It is quite possible 
that their low apparent Henry's law constants are reflecting 
resistances for the VOC to transfer from water to vapor which 
was not included in their model.
In another attempt to model SVE, Johnson and others 
(Johnson, et al., 1990) developed a model for gasoline which 
assumed equilibrium between the vapor, gasoline liquid, 
sorbed and dissolved phase. They justify the assumption of 
local equilibrium by estimating the distance the stripping 
gas will travel before the vapor reaches equilibrium if the 
nongaseous VOC source is at a constant concentration. When 
the nongaseous VOC source concentration is constant, the gas 
phase reaches equilibrium rapidly. However, they did not 
account for depletion and diffusion resistances in the 
nongaseous phases where mass transfer limits are more likely 
to occur because liquid phase diffusivities are about 3 
orders of magnitude smaller than in the gas.
This Chapter presents a simple model to theoretically 
examine the validity of local equilibrium when concentration 
in the retained water (or other nongaseous phases) becomes 
depleted.
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2.2 Background and Theory
In a column packed with varying particles sizes, various 
pore sizes and geometries are created. Within the 
unsaturated zone the smaller diameter pores remain filled 
with water and the larger diameter pores remained open to air 
movement (Iwata and Tabuchi, 1988). However, the ratio of 
air to water filled pores in an unsaturated soil pack is 
typically equal to unity (Hillel, 1981). The water filled 
pores only contact the vapor at the interface of the liquid 
pore opening.
Extraction rates of VOC dissolved in water will be 
affected by the average thickness of the water films existing 
in the porous media. Figure 2.1a shows the water uniformly 
coating a particle. In this case the path length which the 
VOC must diffuse to reach the vapor would be only as long as 
the thin film thickness. For water retained in a porous 
medium with varying sizes of particles a more likely 
representation is shown in Figure 2.1b. In this case the 
path length of diffusion is much longer than the thin film 
case. To reach the stripping gas, the dissolve phase VOC 
must diffuse through the retained water. If the velocity of 
the stripping gas is low enough, the liquid phase diffusion 
may be fast enough to maintain equilibrium with the vapor. 




Thin water film with 





Soil ParticleAir + VOC vapor out






2.1 Schematic Diagram of VOC Extraction From Water 
Retained in Vadose Zone Soils.
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not remain in contact with the liquid long enough for VOC to 
diffuse through the film and establish equilibrium.
For mathematical modeling purposes, this extraction 
process can be represented by a semi-infinite liquid phase in 
contact with a finite vapor phase volume, as illustrated in 
Figure 2.2. VOCs in vapor have diffusion coefficients about 
3 orders of magnitude greater than in water (10-2 cm2/s for 
gases at normal conditions and 10'5 cm2/s for water) . The 
vapor phase volume is assumed to be well-stirred which is an 
assumption consistent with the relative diffusivities of a 
gas compared to water. The results from modeling the 
situation in Figure 2.2 will indicate how long it will take 
for the vapor to equilibrate with the liquid if the liquid 
volume is large.
In Cussler's (1984) discussion of semi-infinite, one­
dimensional diffusion, a physical model was developed showing 
two phases initially separated by either a thin membrane or 
interface, with the dissolved constituent at a constant 
concentration. When fresh air contacts the retained water 
containing dissolved VOC, a concentration profile develops in 
the water. Far from the interface, the water acts as if no 
change has occurred. Eventually the concentration profile 
flattens out and the two phases re-equilibrate. These events 
are illustrated in Figure 2.3 and will be discussed further 
in the model development.
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Figure 2.2 Schematic of VOC Extraction From a Semi- 










t<0; equilibrium established 
before extraction begins
t=0; vapor phase suddenly 
decreases to zero. Liquid phase 
only affected at the interface
t>0; concentrations eventually 
reposition back to equilibrium 
relationship
Figure 2.3 Schematic Diagram of Concentration Profiles
During VOC Extraction From a Semi-Infinite 
Liquid Phase Into a Well-Stirred Gas.
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In a column experiment, if the gas phases residence time 
in the column is less than the time to reach equilibrium as 
predicted by the model just described, then the vapor leaving 
the column will not have equilibrated with the column liquid.
2.2 Model Development
One-dimensional semi-infinite diffusion of the VOC from 
the liquid across .an interface to the vapor phase is 
presented as an extraction process in Figure 2.3. The liquid 
phase is a stagnant semi-infinite media with a uniform 
concentration at time, t<0 (Figure 2.3a). This is consistent 
with the fact that water is essentially immobile in the 
vadose zone and the experimental procedures used in column 
studies produce uniform initial concentrations. The gas 
phase is assumed to be well-mixed. Because the vapor phase 
is flowing through the bed through tortuous paths, mixing is 
probable. In addition, gas phase diffusivities are much 
larger than diffusivities in water. At the time free VOC 
nitrogen is passed through the column the gas phase 
concentration instantaneously drops to zero at time, t=0 
(Figure 2.3b). However, the liquid phase will remain 
unchanged except at the interface. Then for time, t>0 
(Figure 2.3c) the vapor phase concentration will recover at a 
rate indicated by the model to be described later.
The VOC capacity of the liquid is much larger than the 
VOC capacity of the gas phase. This assumption is valid
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because the retained water would take up approximately 35% of 
the total pore space, however, at equilibrium prior to 
extraction 75% or more of the total mass of VOC would be in 
the liquid phase.
Mass balances are written for both the liquid and gas 
phases. Definitions of all variables in the following 
description are given in the nomenclature, section 2.4. 
Applying Fick's law of diffusion, the differential material 
balance for VOC in the liquid is given by:
" - 11
In the gas phase, VOC only enters at the liquid-gas 
interface. This volume is closed and well mixed so the 
concentration depends on time only.
dCs _ D l dCt
dt Lg dX
(2.2)*=o
Restricting conditions assuming local equilibrium at the 
gas-liquid interface, an initially VOC-free gas, and a semi­
infinite liquid with an initial liquid concentration are 
applied as follows:
@ X  = 0; C, = %  
ti (2.3)
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@ t = 0; c t =  c;
and Cg=  0
@x=oo; q  = c;




The differential equation and restricting condition are 
non-dimensionalized as follows:
Xr\ =  —
L  (2.6)
to give:








H T =  L dxT (2<11)
@ri = 0; 0 = ̂ (2.12)
@T| —» oo; 0 = 1 (2.13)
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< a > T  =  0 ;  0  =  1
and <J> =  0
(2.14)
Equations (2.10) and (2.11) are solved simultaneously 
for the conditions stated in Equations (2.12) to (2.14) using 
Laplace transforms. The dimensionless liquid phase 
concentration is:
The dimensionless gas phase concentration must satisfy 
Equation (2.12) which says the gas is in equilibrium with the 
liquid concentration at the interface.
This yields:
The dimensionless gas phase VOC concentration represents 
the fractional approach of the vapor to its equilibrium 
value. When 4> is one, the gas is in equilibrium with the 
liquid which mathematically takes an infinite time.
2.3 Model Results
Figure 2.4 shows the increase in dimensionless VOC 
concentration, <|> , in the vapor phase with time. From 
Figure 2.4, it becomes evident that the vapor phase will
(2.15)









































Figure 2.4 Dimensionless VOC gas phase Concentration as a
Function of Dimensionless Time.
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reach 9 0 percent saturation rapidly followed by a much slower 
time to reach 99 percent. It is important to note that 
infinite time is required for the vapor phase to reach 100% 
saturation. Practically, we can say we have effectively 
reach equilibrium when $ is between 0.99 to 0.999. Table 2.1 
summarizes an example calculation made for toluene. The time 
required to reach various fractions of saturation for three 
vapor film lengths (0.0025, 0.005, and 0.01 cm) are given. 
Diffusivity of toluene in water, 0.856 x 10"5 cm2/s, was 
calculated from an empirical correlation (Hayduk and Minhas) 
for low concentration hydrocarbon solutes in an aqueous 
solution (Reid, et al., 1987). A dimensionless Henry's law 
constant of 0.27 was taken from a range reported by MacKay 
and Shiu (1981).
The lengths of the vapor film used in these calculations 
were selected based on a value of 0.002 6 cm, which was the 
hydraulic radius of the packing in the column experiments 
described later. The hydraulic radius is the ratio of the 
volume of the voids in the soil column to the total area of 
the solids (McCabe and Smith, 1976). An average particle 
diameter, used to estimate the surface area of the packing 
per gram was estimated from the measured particle size 
distribution (See Table 4.3, Chapter 4). Appendix 2A' 
summarizes the calculations of parameters used to obtain the 
numbers in Table 2.1.
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Table 2.1 Time to Reach Various Fractions of Vapor Phase










0.750 2.1 4.0xl0-3 0.02 0.060. 900 5.8 3.0x10-2 0.12 0.50. 950 11.6 0.1 0.47 1.9
0. 990 56.6 2.8 11.4 45
0. 995 113.1 11.4 45.4 181
0. 999 452.6 181 726.7 2906
Term definitions:
6 -  C ‘  • ■r ~ 777 Dimensionless vapor phase concentrationCj ri
* Dimensionless time
LH
L = Diffusion path length, cm
H = Henry's Constant = 0.27 (for 22 - 25 °C)
Dl = Diffusion Coefficient, 0.86xl0“5 cm2/sec
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The time required to reach 99.5 percent equilibrium 
saturation was 11.4 minutes for a vapor volume length of 
0.0025 cm, based on the hydraulic radius of the column. It 
is interesting to note that for only a doubling of the length 
the time increases by a factor of 4.
Therefore, in the soil column for this thesis, toluene 
extraction experiments with gas phase residence times less 
than about 11 minutes the gas phase might not reach 
equilibrium. Clearly, the gas film thickness is a critical 
parameter. Unfortunately, the thickness cannot be measured 
independently and is difficult to estimate other than through 
a hydraulic radius approach already described. Also note 
that particles with internal porosity will produce similar 
diffusion limits which will control the approach to 
equilibrium.
2.4 Nomenclature
ĉ8 Gas phase VOC Concentration
Q  Aqueous phase VOC concentration
Q° Aqueous saturation phase VOC concentration 
A  Liquid Phase Diffusion coefficient
H  Henry's Law Constant






“H ~~ t Dimensionless length
h
Dimensionless liquid phase concentrationw
_ A'r-~TT Dimensionless time value Lr




SUMMARY AND EXAMPLE CALCULATIONS 
FOR MODEL INPUT PARAMETERS
1)Dimensionless Henry's Law constant, H
a) Value used in model calculation = 0.27
b) Source: (MacKay and Shiu, 1981)
c) Calculation:
- Value recommended in paper = 0.673 kPa m^/mol
- Temperature range 16-40 °C
- Conversion factor to dimensionless form = 2.48,
(which is equal to RT in the correct units and 
temperature)
2) Diffusion Coefficient, Dt
a) Value used in model calculation = 0.856x10“  ̂cm2/s
b) Source: Hayduk and Minhas for solutes in aqueous
solutions at infinite dilution, (Reid, et al., 1987)
c) Calculation: use toluene physical properties
D, =1.25x10'® (V^ ” - 0.292)r'-“T£’
V, = molar volume, = 106.3 cm3 / mol 
T = temperature, K 
“Hw =0.89
£*=(9.58/Va)-1 .12 =  -1.03
3 )  Vapor pore length, L g
a) Value used in model calculation = 0.0025 cm
b) Source: from the model development and the following
calculations
c) Calculations: the vapor pore length Lg is set equal




- Hydraulic radius, rn
rH = --- -
rH = hydraulic radius 
e = porosity
vp = particle volume per mass 
sp = particle surface area
- Particle surface area, Sp
3=p Avg. Partical Diameter x Partical Density 
- Average Particle surface area, <A>
(A) = wisp
Average Particle Diameter = 2.59x10"^ cm
(from the soil recipe, chapter 4, Table 4.3)
Particle Density =2.65 g/mL
4) Calculate the time to reach times to reach equilibrium 
saturation:




REVIEW OF PREVIOUS LABORATORY 
EXPERIMENTS ON SOIL VAPOR EXTRACTION
3.1 Summary of Previous Research
Eight research efforts have been selected for this 
review of experimental SVE studies. The purpose of this 
section is to give a historical perspective of the 
technology's development as well as categorize type of 
approach. These research projects have been classified into 
two groups based on approach: 1) laboratory simulation of 
field conditions, and 2) mechanistic investigation of mass 
transfer processes.
Experiments where field conditions were simulated at a 
smaller scale in the laboratory were performed by Thorton 
(1981), Rainwater (1988 and 1989), and Brooks (1989).
Simpler column studies designed to investigate more 
fundamental issues were conducted by Marley (1985), Johnson 
(1987), Johnson (1989) and McKenzie (1990). These more 
mechanistic studies were all somewhat similar in that 
operating conditions (e.g., stripping gas flow rate) and site 
specific parameters (e.g., soil packing), were evaluated by 
conducting multiple runs, and varying some parameters while 
holding others constant.
Another type of column study not mentioned so far was 
performed by Bruel (1987) as well as by Johnson (1987) in one
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of his three experiments. For both experiments, sweep gas 
was passed through the head space above the soil column and 
the concentration of the VOC was monitored as a function of 
soil column height.
The mechanistic investigations studied evaporation of 
liquid VOC, adsorption/desorption of VOC vapor onto soil 
solid matter, or absorption/desorption of VOC vapor into 
retained water (soil moisture). Thorton (1982), Marley 
(1985), Johnson (1987), S. Johnson (1989) and Rainwater (1988 
and 1989) conducted experiments evaporating VOC liquid.
Bruel (1987), Johnson (1987), Brooks (1989) and McKenzie 
(1990) performed sorption/desorption experiments on soil 
solids and/or soil moisture. Table 3.1 is a summary of each 
research group. More detailed summary tables are presented 
in Appendix 3A.
Thorton's work at the Texas Research Institute is one of 
the earliest efforts published on SVE. The objective of this 
research was to investigate the potential of SVE to removing 
VOCs from subsurface soils. A contaminant spill was 
simulated within a large laboratory apparatus. Effluent air 
was introduced through the soil packing to simulate air 
passing through the subsurface. Air exiting the sand pack 
was analyzed for hydrocarbon content in the vapor phase and 
condensate form. Along with petroleum hydrocarbons, C02 was 
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activity. The extraction continued for 11 days and in that 
time 57 percent of the original 75 gallons of gasoline was 
removed. From C02 production it was calculated that microbes 
consumed 2 percent of the initial amount of gasoline present. 
Thorton cited the following parameters having an effect on 
the performance of forced aeration: differences in soil 
types, soil and rock heterogeneities, depths of the vadose 
zone, and geological discontinuity.
At a smaller scale, Marley at the University of 
Connecticut, Department of Civil Engineering ran experiments 
to evaluate the effectiveness of removing gasoline from a 
column of sand. The objective of this research was to study 
mechanisms involved in removing gasoline range hydrocarbons 
from a residually saturated soil. Variables studied through 
the course of 27 soil column extractions were soil particle 
size, soil density (degree of compaction), soil moisture 
content (dry vs. unsaturated) and induced air flow rate.
Bruel, also at the University of Connecticut, performed 
VOC vapor diffusion experiments in soil columns by observing 
the vapor phase VOC concentration in a soil pack sitting on a 
liquid mixture of gasoline range hydrocarbons (h-hexane, iso­
octane, benzene and toluene). In experiments with benzene as 
a single component, diffusion rates were observed in a series 
of experiments designed to isolate the physical effects of
T-3967 48
temperature, effective gas porosity, tortuosity (path through
soil voids) and soil moisture content.
Johnson at the Oregon Graduate Center, Department of 
Environmental Science and Engineering performed a diffusion 
study similar to Bruel and an evaporation study with liquid 
contaminant. Both diffusive and convective transport of 
contaminants were studied in Johnson's work with a greater 
emphasis on mechanisms for contaminant fate and transport 
than for SVE remediation. In the unsaturated region, Johnson 
hypothesized vapor movement by diffusion can be important 
compared to the saturated region due to the much larger 
diffusion coefficients of volatile contaminants in air than 
in water. The purpose of Johnson's research was to determine 
the effect of partitioning between a VOC liquid soil, soil 
pore water, and vapor phases. Three separate studies to 
evaluate different aspects of SVE were performed: diffusion
of VOC's through a sand pack (similar to Bruel); evaporation 
of liquid VOC and extraction of the VOC dissolved in the 
retained water.
S. Johnson at Texas A&M University in the Department of 
Soil Science, performed column studies on undisturbed soil 
cores (compared to laboratory prepared columns). Taken from 
the unsaturated region, these cores were used to study the 
behavior expected from inhomogeneity and anisotropy, typical 
of actual field conditions. S. Johnson applied varying
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volumes of liquid aromatic hydrocarbons to the top of his 
soil cores. After equilibriating, nitrogen was introduced 
and effluent concentration measured. Contaminant extraction 
from the soil cores was divided into two phases. During 
Phase I the effluent exhaust is approximately constant at or 
close to the saturated vapor concentration of the 
contaminant. During Phase II the effluent concentration 
decreased with time. This decrease was initially linear 
followed by a more rapid (exponential) decrease.
Rainwater at Texas Tech University, (Water Resources 
Center) conducted research on venting liquid contaminant from 
a large cylindrical vessel over the period from 1986 to 1988. 
This research was similar to Thorton's, in that a large 
laboratory vessel was constructed. Instead of linear flow 
through a rectangular shaped bed, radial flow was simulated 
through a cylindrical tank. This research was originally 
published in 1987 in a paper presenting only the initial 
operations. In a follow-up paper the results of this work 
and a follow up model study was published in 1989.
Brooks at the University of Arizona, Department of 
Hydrology and Water Resources, conducted research on forced 
aeration within a wedge shaped vessel to simulate radial flow 
within a section of a cylinder. The wedge contained 
stratified soil material, which is a typical phenomena within 
the unsaturated region. Two soil types (a clay and sand)
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were used for creating a system which models both diffusive 
and convective contaminant transport. In Brook's experiment 
the contaminant was introduced into the system through 
saturated stripping gas. Natural soil was used which had a 
moderately high organic content and as a result partitioning 
of the contaminant to and from the soil organic material is 
present.
McKenzie at Michigan Technological University (MTU) in 
the Department of Civil Engineering performed experimental 
soil column studies as part of a comprehensive investigation 
within the MTU Department on fate and transport of VOCs 
within the unsaturated region of soil. In this research a 
number of soil column experimental runs were made to study 
the impacts of chemical volatility, soil structure, air flow 
rates and soil moisture content on the rate of removal of 
contaminants from the unsaturated region.
McKenzie's work is most pertinent to this research and will 
be discussed further in Chapter 5.
3.2 Review of Experimental Design and Operational
Parameters
3.2.1 Experimental Apparatus
Table 3.2 summarizes the experimental designs of all 8 
studies including the apparatus, contaminant and soil. The 
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the scale model type experiments and the column studies.
What distinguishes scale models from the column studies, 
besides physical size, is that in most applications only one 
experimental run was conducted compared to multiple runs for 
the column experiments.
Thorton used a large concrete vault 2 0 feet long by 10 
feet wide by 4 feet deep to contain a sand pack to simulate 
the unsaturated zone. Stripping gas entered and exited the 
sand bed by four perforated pipes set vertically and 
manifolded together at both ends. Above the sand pack an 
additional concrete layer was poured onto the bed of sand to 
seal the surface. Air was drawn through the vessel using 
centrifugal blowers set at a venting rate of 5.3 SCFM. The 
system was designed so that soil and soil gas samples could 
be taken at various depths and locations throughout the sand 
bed.
Rainwater also used a large laboratory apparatus to 
conduct SVE studies. Two large identical steel cylinders, 10 
feet in height by 3 feet in diameter were used. Two vessels 
were used to perform duplicate runs simultaneously. A 2-inch 
perforated pipe was placed in the center of each cylinder 
acting as an extraction well. A 3/4-inch permeable 
geotextile material was placed between the vessel wall and 
the sand bed to allow air to be drawn vertically down through
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the porous geotextile and then radially through the sand bed
to the centered extraction well.
Brooks constructed a "wedge-shaped lysimeter" to 
simulate radial flow of the stripping gas. The apparatus was 
a triangular prism constructed of 1/4 inch plexiglass 
sheeting with angles of 60 degrees and all sides 1 meter in 
length. Four layers of soil were placed into the vessel 
using two types of soil material. The sand layers represent 
the convecting regimes through which the stripping air would 
primarily channel. The clay layer acted as the diffusion 
limited regime, which limited air flow. The stripping gas 
flow direction was horizontal. Injection was at the apex of 
the wedge, which fanned out radially to the back wall and 
exited at three rear exit ports.
There were similarities in the soil columns and 
experimental operation used by Marley, Bruel, Johnson, S., 
and McKenzie. All used up-flow for the stripping gas except 
S. Johnson. The length varied from 9 cm (S. Johnson) to 
55 cm (Marley). Johnson did not give physical dimensions of 
the column. If the diameter is too small, wall effects may 
arise. If the diameter is too large, channeling and poor 
stripping gas distribution could result. Column diameters 
ranged from 4 cm (McKenzie) to 12.5 cm (S. Johnson).
Material selection is important to consider in a SVE 
study. Because of the solvent nature of the contaminant,
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plastics such as plexiglass and PVC may dissolve when in 
contact with the contaminant either in a liquid or aqueous 
mixture. Incompatibility problems between contaminant and 
vessel material was reported by Brooks and McKenzie. In 
Brook's experiment plexiglass was used for the walls of the 
vessel and a glue containing a chlorinated solvent was used 
to hold together the walls at the ends and adhere a layer of 
sand (to minimize preferential flow along the walls). It was 
reported that almost twice as much contaminant was recovered 
than was initially introduced before extraction began.
McKenzie began his experiments using a plexiglass 
column, however absorption of the contaminant was suspected 
into the inside column walls. He then replaced the 
plexiglass columns with glass. Marley also used plexiglass, 
however, did not report any incompatibility affects between 
the gasoline and the inside column wall. In Marley's 
experiments, probably absorption of contaminant into the 
walls of the vessel were not a concern, because the amount of 
contaminant present with the vessel was large.
Material selection is more important for experiments 
with a small amount of contaminant either in the vapor phase 
or dissolved in the soil moisture. Any sorption or 
desorption from the construction materials can cause 
significant errors in the VOC mass balance. On the other 
hand, the amount absorbed into the walls of the vessel for a
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bulk liquid evaporation experiment is almost always
insignificant because the mass of VOC is usually quite large.
3.2.2 Soil Packing
Soil types used by the experimenters consisted of 
natural sand deposits, pure silica sand (e.g., Ottawa Sand), 
and a porous aggregate called SCR Verilite (McKenzie, 1990). 
Natural soil typically will consist of clays and organic 
material which vary greatly in composition and arrangement. 
Using natural soil makes it difficult to isolate and study 
mechanisms independently (e.g. mineral vs. organic 
adsorption).
Ottawa sand is a material which has good structural 
integrity (will not fracture during compaction) and is 
composed mostly of a single component (silicon dioxide). 
Ottawa sand minimizes VOC adsorption because water (polar) 
preferentially adsorbs over a VOC (non-polar) onto the 
mineral surface. As a result, when water is present in the 
soil, the VOC will be present primarily dissolved in the 
water and VOC adsorption on the mineral surface will be 
relatively small.
Both natural sand deposits and mined Ottawa sand have 
very low internal porosity. Internal soil pores and small 
interparticle pores are regions were water accumulates and 
inhibits direct contact to the stripping gas. For example, 
large internal particle porosities could lead to significant
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intraparticle diffusion resistance. McKenzie studied this 
situation with SCR Verilite which is a light weight, fired 
porous aggregate used as an insulating material in the steel 
and iron industry. The particle porosity is 0.5 which 
results in a greater water retention capacity than a similar 
size particle of Ottawa sand, where water deposition is 
limited to the external surface and interparticle pores.
The size distribution is also important when considering 
a column packing. A uniform single particle size will lead 
to a lower density packing than will a heterogeneous mixture 
of particle sizes because small particles can fit in the 
pores between larger particles. However, columns packed with 
media of a wide range of particle sizes are more difficult to 
reproduce because repeatedly preparing uniform mixtures is 
difficult.
Natural sand deposits were used by most experimenters. 
For the scale model experiments, Thorton, Rainwater and 
Brooks used natural soil deposits. Both Thorton and Rainwater 
used local deposits which were washed prior to placement. 
Brooks used a fine to medium sand and a clay loam to 
establish a layered system representing a convec­
tive/diffusive regime.
For the soil column experiments, natural sand and pure 
silica sand were most often used. Marley's project consisted 
of washed river sand which was screened into three fractions:
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coarse, 8 to 10 mesh (average particle size of 2.189 mm 
diameter), medium 16 to 30 mesh, (0.89 mm), and fine 50 to 
100 mesh (0.225 mm). A fourth packing was created by mixing 
equal portions of the above. Johnson used single particle 
size of Ottawa sand at about 40 mesh (0.45 mm). S. Johnson 
used a natural sand deposit. Horizontal soil cores were taken 
from the soil to establish an undisturbed system within the 
laboratory column. In addition to Verilite, McKenzie used a 
single particle size range between 2 0 and 3 0 mesh of Ottawa 
sand (0.85 to 0.60 mm).
Creating reproducible soil packs is essential if 
comparisons are to be made between experimental runs. For 
instance, soil packing parameters such as porosity and 
permeability strongly affect the retention of water or VOC 
liquid. Consequently, it is critical to use a procedure 
which will produce a soil column with consistent soil packing 
physical properties.
For the scale model experiments, Thorton and Rainwater 
give no details on their packing procedure except to say that 
the soil was poured into the vessels. Brooks states that the 
soil layers were compacted, but did not give a description of 
the method.
For the column experiments, reproducibility is more 
important because multiple extraction runs are compared. 
Marley packed reproducible columns placing 3 cm layers or
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lifts into the columns through a long stem funnel, which was 
rotated slowly and raised to release the sand into the 
column, preventing size separation. After poring a lift of 
sand, the column was vibrated on a Syntron vibrating table 
and different bulk densities were achieved by increasing the 
duration and intensity of vibration. If the vibration is too 
intense, size segregation of the particles will occur. 
Vibration for column packing is not a problem for single 
sized particles but becomes one when the variation of 
particle sizes increases.
Johnson and McKenzie briefly describe their packing 
procedures. Johnson would wet the soil with water prior to 
packing into the column. McKenzie packed his column by lifts 
with some compaction after each lift was added. Because both 
researchers used Ottawa sand with homogeneous particle size 
ranges, the packing procedure is not as important as when a 
sand mixture is used.
3.2.3 Contaminant Selection
The studies reviewed here used a single component VOC or 
a multicomponent VOC such as gasoline or a synthetic mixture 
of gasoline-range hydrocarbons. Thorton and Marley used 
fresh gasoline for their studies. Bruel and Rainwater 
performed experiments using a laboratory mixture representing 
the major components of gasoline. Bruel used a four 
component mixture of n-hexane, iso-octane, benzene and
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toluene. Rainwater used a similar four component mixture of
pentane, hexane, toluene and xylene (isomer unspecified).
Multicomponent mixture experiments were also performed 
by Johnson. However the mixture was selected based on 
different vapor pressures rather than simulating gasoline.
Single component extractions were studied by S. Johnson, 
Brooks and McKenzie. Brooks actually performed extraction 
using two components (trichloroethylene and 
1,1,1,-trichloroethane), but his detection method did not 
identify the two compounds separately. Single component 
studies allow for simpler understanding of the transport 
properties, without confounding the transfer mechanisms with 
the effect of partitioning from the VOC liquid. The 
difficulties of defining physical properties of mixtures were 
also avoided by eliminating complex averaging of physical 
property estimation.
3.2.4 Unsaturated Soil Condition
One of the most important aspects of conducting SVE 
laboratory experiments is establishing an unsaturated 
condition. Methods varied between research groups. Thorton 
used a natural moist sand (moisture content not reported). 
Brooks, in the wedge shape lysimeter, used three 12 inch by 1 
inch suction candles at the top and bottom of the soil layers 
to maintain a constant soil moisture potential. Suction
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candles were made from a porous ceramic material that allowed 
free movement of water but prevents movement of air. In this 
apparatus, there is no matrix potential gradient, only the 
gravity gradient to induce unsaturated flow. Matrix 
potential is a combination of the influence of water flow by 
capillarity, adsorption pore structure and surface tension 
phenomena (Hillel, 1981).
When establishing unsaturated conditions for a soil 
column, it is desirable to have an evenly distributed 
moisture content throughout the length. Marley developed an 
unsaturated condition by initially saturating the soil pack 
with water followed by gravity draining until a residually 
unsaturated condition existed. Gasoline in liquid form was 
introduced from the bottom of the column by pulling a vacuum 
from the top and forcing it to draw up through the column. 
Once filled with gasoline, the vacuum was removed and the 
gasoline was gravity drained to residual. Gravity draining 
could be accomplished in a reasonable length of time because 
their experiments used relatively large sand particle sizes 
(16-80 mesh). In another paper, based on Marley's thesis 
(Hoag and Marley, 1986), moisture content was reported to be 
approximately constant in the top 80 percent of the column. 
However, moisture content increased gradually over the bottom 
20 percent of the column.
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Johnson prepared a soil column at unsaturated conditions 
by pre-wetting 40-mesh Ottawa sand to a 10 percent moisture 
content then wet packed the column. McKenzie prepared his 
column for unsaturated conditions using a method similar to 
Marley. The soil column was initially wetted with water and 
allowed to drain from the column by gravity. Again, gravity 
draining was practical because particle sizes of 0.7 mm (2 0- 
30 mesh) were used. When a soil with internal pores (i.e., 
Verilite) was used it was necessary to saturate particles 
before packing. Saturation was accomplished by boiling the 
particles in water. This reduced the surface tension of 
water allowing for better penetration of the internal pores 
within the particle.
3.2.5 Stripping Gas
The stripping gas used to simulate air flow was either 
air or nitrogen supplied from a compressed cylinder, 
compressed laboratory air, or ambient air pulled through the 
apparatus by a blower or vacuum pump. Table 3.3 is a review 
of operating conditions of the stripping gas. Thorton and 
Rainwater used ambient air drawn from the surface above their 
apparatus through the soil packing by a vacuum pump. In 
Marley's experiments compressed instrument air supplied from 
the laboratory was used. Before entering the soil column the 
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Brooks in his experiment used laboratory air. Air was 
introduced into the apparatus at an inlet on the apex of the 
wedge and drawn out through the back surface. Johnson used 
nitrogen as the stripping gas at either a dry or humidified 
state. S. Johnson also used nitrogen as the stripping gas. 
Humidification was accomplished by bubbling nitrogen through 
a 15 liter tank of water with porous stones. McKenzie used a 
number of different stripping arrangements. In his initial 
experiments, stripping gas was drawn through the soil pack by 
a vacuum pump. The final apparatus and procedure consisted 
of compressed air as the stripping gas and toluene as the 
contaminant.
3.2.6 Flow Rate and Temperature
Two operating conditions, vapor velocity and 
temperature, are important to set as accurately as possible. 
Gas velocity and more specifically, the residence time of the 
stripping gas, controls whether the system is mass transfer 
limited or not. Temperature is important because diffusion 
and especially vapor pressure are temperature dependent.
From reported gas volumetric flow rates and estimates of 
contact volume (for a sandy soil), the unsaturated zone air 
velocity in actual field operations range from approximately 
0.05 to 0.25 cm/s. It is also important to consider velocity 
because volumetric flow rate can not be used to compare one 
system to another due to varying geometries of the laboratory
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apparatus. For instance the cross sectional area of the 
columns vary as well as geometry (i.e., wedge shape lysimeter 
vs. column). Residence times may range from 1 to 7 hours for 
a sandy soil, given typical SVE operating conditions. 
Calculations of velocity and residence times are presented in 
Appendix 3B of this Chapter.
3.2.7 Sampling and Analysis
Table 3.4 presents a review of the sampling methods and 
analytical techniques of the researchers. Sampling methods 
included direct injection from the laboratory apparatus, air­
tight syringe samples, and adsorbent media. Gas 
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APPENDIX 3A 
SVE LABORATORY STUDY SUMMARY TABLES
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Table 3A.1. Summary of Large Scale System: Liquid Phase
Evaporation
Reference: Thorton et al., 1982
Name of Institution: Texas Research Institute
Title: Venting for the Removal of Hydrocarbon Vapors from Gasoline Contaminated Soil
Project Summary: A contained gasoline leak was created in a large concrete tank which simulated soil strata and a static water table. 75 gallons of gasoline where spilled into the tank followed by continuous venting for 11 days. Both vapor and condensate samples were taken from the exhaust to monitor the removal rate. Biological activity was monitored by measuring C02.
Contaminant type: Fresh Gasoline
Soil Type: Washed river sand with enough water to provide for good packing. Particle size distribution consisted of mostly of particle sizes between 20 and 100 mesh. Porosity of 0.28 and a permeability of 45 Darcy (cm2).
Description of Lab Concrete and steel tank 10 feet wide, 20 feetApparatus: long and 4 feet deep. Air entry and exit was accomplished using 4 slotted drain pipes placed vertically on 2 foot centers at each end of the tank. Nine observation wells were placed throughout the tank to monitor water and gasoline level and 36 vapor sampling wells were placed at 3 depths around 12 locations. The top of the tank was sealed with concrete to control direction and quantity of sweep gas. Venting rate ranged between 3.5 and 5.3 SCFM.
Important Findings: Changes in C02 concentration suggests considerable amount of microbial activity occurred. It was estimated from exhaust analysis that a total of 2% of the gasoline was eliminated by microbial activity and a total of 57% was removed by venting. The system was run for only eleven days indicating a greater amount of gasoline could have been removed.
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Table 3A.2. Summary of Column Study: Liquid Phase
Evaporation
Reference: Marley, 1985
Name of Institution: University of Connecticut, Department of Civil Engineering
Title: Quantitative and Qualitative Analysis of Gasoline Fraction Stripped by Air from the Unsaturated Soil Zone
Project Summary: Developed an experimental apparatus to remove gasoline at residual saturation from soil. Effects of variation in soil particle size, soil density, soil moisture content and sweep gas flow rate on effectiveness of this process. In addition the amount of gasoline retained on the soil column at residual saturation was measured.
Contaminant type: Fresh Gasoline
Soil Type: A Connecticut sand deposit was washed and divided into four groups: course (avg. particle diameter = 2.2 mm), medium (avg. particle dia. = 0.89 mm) fine (avg. particle dia. - 0.225 mm) and mixed sand which is an equal distribution of each. Wet and dry soil columns in addition to three relative densities (0%, 50%, and 100%).
Description Apparatus: of Lab A vertically positioned plexiglass soil column. Dimensions are inside diameter, 8.9 cm; length, 55 cm; total volume 4043.7 cm3; volume of sand, 3484 cm3. Compressed air was used as the sweep gas entered the bottom and exited the top of the column
Important Findings: Residual saturation of gasoline is decreased with soil moisture content, and decreasing relative density. Moisture content, particle size and sand density had no effect on extraction rate. The only controlling parameter is flow rate of sweep gas.
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Table 3A.3. Summary of Column Study: Diffusion of
Hydrocarbons
Reference:





Description of Lab Apparatus:
Important Findings:
Bruell, 1987
University of Connecticut, Department of Civil Engineering
The Diffusion of Gasoline-Range Hydrocarbon Vapors in Porous Media
Isolated and measured the effects of the various physical and chemical properties affecting diffusion, construct a laboratory scale diffusion column to simulate the transport of gasoline vapors from an underground spill.Three diffusion flux measurements were made: a contaminant reservoir below the soil column, the capillary fringe above a liquid reservoir, and contaminant residually saturated soil and within the unsaturated region.
A four component mixture consisting of n-hexane, isooctane, benzene and toluene.
Connecticut stratified drift deposit consisting of 3 equal portions of fine (50-100), medium (30-50) and large (16-30) particle sizes. Bulk Density, 1.94 g/cc.
4 in. inside diameter aluminum cylinder.Overall length 18 inches, soil pack height, 14.8 inches, Head space volume 656 cm3, soil volume 3050 cm3. A 309 cm3 reservoir at the bottom of the column contained 40 cm3 of free product.Sweep gas was passed over the soil column to simulate a zero concentration boundary condition. Flow rate at 75 cm3/min.
For unsteady state tests, water partitioning becomes significant for compounds such as toluene and benzene which have solubilities of 500 and 1800 mg/1, respectively. Alkanes such as iso-octane were less affected by moisture content. Comparing iso-octane experiments with and without water adsorption on dry mineral was greater than rate of absorption into water. Mineral adsorption becomes insignificant when water is present._____________________________
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Table 3A.4. Summary of Column Study: Liquid Phase
Evaporation Extraction of Dissolved VOC, and
Diffusion
Reference:





Description of Lab Apparatus:
Important Findings:
Johnson et al., 1987 
Oregon Graduate Center
Hass Transfer of Organics Between Soil, Water and Vapor Phases: Implications for Monitoring, Biodegradation and Remediation
Three types of experiments were performed:1) advective flow of vapors through damp sand with a residual contaminant; 2) movements of vapors in damp and dry sand without contaminant under a diffusion controlled process; and 3) advective flow of vapors through damp sand without free product.
As per experiment: 1) a 1:1:50 molar ratio of benzene, n-propylbenzene and dodecane as the free product; 2) TCE and Chlorobenzene in the vapor phase; and 3) benzene and methane as a tracer in the vapor phase.
As per experiment: 1) and 3) 40 mesh Ottawa sand at a 10% water content or 25% residual saturation and a porosity of 40%; 2) 40 mesh Ottawa sand at a dry and wet content.
Soil columns were used (dimensions unknown) with nitrogen as the sweep gas. For experiments 1) and 3) the same apparatus was used with a sweep gas inlet and outlet at the column ends. For exp. 2) contaminated sweep gas was passed over one end and the other end capped. Samples were taken from the middle of the column to observe migration from the sweep gas to the clean soil.
Contaminant vapors are absorbed by the soil moisture. Non-equilibrium processes (liquid phase diffusion) could control the extraction of benzene from the water phase. For free phase liquids the most volatile components will initially be extracted followed by a slower process to remove the less volatile components.It is important to monitor all components of the effluent, not just total hydrocarbons._________
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Table 3A.5. Summary of Column Study: Liquid Phase
Evaporation Extraction of Dissolved VOC
Reference: Johnson, S., 1989
Name of Institution: Texas A&M University, Department of Soil Science
Title: Laboratory Examination of Soil Venting for the Recovery of Volatile Organic Contaminants from Unsaturated Soil
Project Summary: To characterize the recovery of VOC's from undisturbed soil cores. Tests were conducted at various soil moisture contents, solvent dosages, and airflow rates. Also disturbed, repacked soil columns were prepared to examine the effects of soil structure. A sorption study was performed to determine the effects of chemical concentration on vapor pressure.
Contaminant type: Most column extractions were conducted using benzene as the single contaminant. Toluene, ethylbenzene and xylene were tested individually and as a mixture, acetone and TCE were tested because they are common solvents.
Soil Type: Undisturbed horizontally displaced soil cores of either a silt loam or fine sand were taken from 1.5 to 2 meters below grade. This soil was also used for the disturbed samples.Each soil core was taken from the same lens. The organic content was 0.03%.
DescriptionApparatus: of Lab Cylinders were constructed from 9 cm long, 12.5 cm steel pipe. Biodegradation was minimized by autoclaving and conducting the extraction process with nitrogen. Analysis of the exhaust gas was performed by GC-FID. Organic contaminant was introduced by gravity infiltration to unsaturated columns (0.2-5% by weight water). Extraction was stopped when contaminant concentration in the soil column reached 5 to 10 ppm.
Important Findings: Vacuum should be used over pressure to avoid soil expansion which creates channeling. Intermittent vs. continuous flow is dependent on site conditions only. If biodegradation is included operate continuously.
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Table 3A.6. Summary of Large Scale Laboratory Apparatus:
Liquid Phase Evaporation
Reference:





Description of Lab Apparatus:
Important Findings;
Rainwater, 1988 and 1989
Texas Tech University, Department of Civil Engineering
"Large-Scale Laboratory Experiments for Forced Air Volatilization of Hydrocarbon Liquids in Soil," (1988) and
Study of evaporation of a four component hydrocarbon mixture by radial air flow through large soil columns.
Four component mixture: pentane, hexane toluene and xylene, mixture ratios of 2:1:4:3. 275pounds of liquid was added to one column and 130 pounds to another. Free product liquid hydrocarbon layers were present on the water layer at the bottom of the column.
Natural, fine sand, 70 to 100 mesh producing porosities of 0.42 and 0.41 for column A and B
10 feet high by 3 feet in diameter tanks constructed of steel. Center suction well was made using 2 inch diameter PVC screen. An extraction flow of 40 CFH went continuous for 385 days then increased to 80 CFH for an additional 104 days.
A total of 31.1 and 39.7 percent of the total mixture of hydrocarbons were removed. After 15 days of air extraction, the concentration of hydrocarbons in the exhaust was 10% of the saturation value, even with liquid product available in the column. Air flow did not encompass the entire region of the soil column.
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Table 3A.7. Summary of Large Scale Laboratory Apparatus:







Description of Lab Apparatus:
ImportantFindings:
Brooks, 1989
University of Arizona, Department of Hydrology and Water Resources
Forced Ventilation Removal of Chlorinated Hydrocarbons in Layered Unsaturated Soil Material: ALaboratory Evaluation
The hypothesis investigated in this research was that mass transfer between a VOC dissolved in water, and vapor phase concentration monitoring could be used to characterized air stripping in unsaturated soil. The objectives of this research are as follows: to determine the mass transfer characteristics of TCE and TCA; identify those soil properties which influence air stripping; simulate the air stripping process with a numerical model by including mass transfer between the solid, liquid and vapor phases.
Trichloroethane (TCA), Trichloroethylene (TCE) and Helium as a Tracer
Two soil types: silty fine to medium sand and clay loam layered to represent advection-dispersion and controlled moisture content to represent an unsaturated condition.
A wedge-shaped lysimeter; triangular plexiglass prism with internal angles of 60 degrees with 1 meter sides and a weight of 1 meter. The purpose was to represent a segment of an axially symmetric flow field under compressible radial flow. A helium tracer test was performed. VOC was injected with air into the apparatus continuously for 30 days and then only air was injected for 47 days at a rate of 140 to 700 ml/min.
Preferential flow paths did not exist in the apparatus. Tailing was observed in the Helium breakthrough curves indicating diffusion between the advecting layers and confining layers as well as dissolution into the soil moisture. Batch equilibrium studies showed rapid equilibrium between the dissolved and vapor phases (VOC's). The mass transfer between solid-liquid-vapor is 3 times slower than liquid-vapor.________
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Table 3A.8. Summary of Column Study: Extraction of
Dissolved VOC and Adsorption/Desorption on Soils
Reference:





Description of Lab Apparatus:
Important Findings:
McKenzie, 1990
Michigan Tech University, Department of Civil Engineering
Extraction of Volatile Organic Chemicals from Unsaturated Soil: Experimental Results and Model Predictions
Soil column studies were performed to evaluate the impacts of volatility, soil structure, air flow rates, and soil moisture on the rate of removal. A series of laboratory experiments and modeling studies were performed. The effects of dispersion were investigated through methane tracer tests. Gas dispersion and adsorption were investigated in dry soil column experiments. Volatilization/dissolution was investigated in columns of moist soil.
Toluene, trichlorethane and methane as a tracer.
Ottawa Sand ^homogeneous 0.7 mm rounded particle), Verilite (0.7 mm porous aggregate 0.5 micro-porosity), and natural soil were used at dry and unsaturated conditions.
Two successful systems were used. System 1 investigated the impacts of flow rate and degree of saturation. Cylindrical soil column, 5 cm diameter and 30.1 cm long. VOC was delivered through the column from a tedlar bag. System 2 was similar to System 1 except that air from compressed VOC were passed through the column.
Removal rates of VOC's are affected by soil structure. For the dry Ottawa sand: advectionand dispersion are the only important mechanisms; adsorption of toluene on dry sand is significant; in moist Ottawa sand experiments, vapor equilibrium occurred; dry aggregate showed similar effects as Ottawa sand; moist aggregate indicated pore diffusion and gas dispersion as mass transfer.
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APPENDIX 3B
CALCULATIONS FOR GAS VELOCITY AND RESIDENCE TIMES
1) Field SVE:
a) Site Conditions: assume radial flow from an
extraction well with the following operating conditions:
Q = volumetric flow rate = 25 to 100 CFM (based 
on typical operating conditions).
R = radial distance from well boring; = 2 0  feet. 
This value was taken as the assumed distance from the well 
head when the flow lines are completely radial.
H = height of well screen = 10 ft based on 
typical field installations
CSA = cross sectional area = 2rc RH = 1256 ft2
SV = superficial gas velocity = Q/CSA
b) Velocity at 25 CFM:
CSA = 1256 ft2
SV = 0.02 ft/min (0.01 cm/s)
Velocity (air filled porosity = 0.17) = 0.06 cm/s
c) Velocity at 100 CFM
CSA = 1256 ft2
SV = 0.08 ft/min (0.04 cm/s)
Velocity (at Porosity = 0.17) = 0.24 cm/s
d) Range of gas velocity 0.06 cm/s to 0.24 cm/s
e) Residence times (RT): Path Length/velocity
Assume a travel distance of 4 0 ft (1219 cm)
T25 = 3 38 minutes
T100 = 84 minutes
2) Thorton and Wooton: linear flow through a bed of sand
a) Operating Condition,
Q = flow rate 3.5 to 4.3 CFM 
CSA = 4 0  ft2 (rectangular)
Porosity of sand = 0.28 
Length of bed packing = 20 ft
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b) Range of velocity at 0.28 porosity
High flow rate = 0.24 cm/s 
Low flow rate = 0.16 cm/s
c) Range of residence times based on a length of 20 ft:
42 to 64 minutes
3) Marley: linear flow through a soil column
a) Operating Conditions:
Q = Flow rate: 1.43 to 10 liters/minute
CSA = 62.21 cm2
Length of column = 56 cm
Porosity: 0.355 to 0.429 (dry) and 0.2
(unsaturated)
b) Velocity Range at an unsaturated conditions
1.9 to 13.4 cm/s
c) Range of Residence time: 0.5 to 0.07 minutes base 
on column length and velocities
4) Johnson: a residence time of 1.2 minutes was reported in
this paper no other information was provided
5) S. Johnson: linear flow through a soil column
a) Operational data:
Q = flow rate, 93 to 489 mL/min.
CSA = cross sectional area = 122.7 cm2 (column) 
Length = 9 cm
Porosity = 0.35 (no information was reported on 
unsaturated column conditions)
b) Velocity Range: 0.038 cm/s to 0.19 cm/s based on a 
porosity of 0.35
c) Residence time: 0.8 to 4 minutes for a packing
length of 9 cm
6) Rainwater: radial flow in a large cylinder
a) Operating Conditions: this experiment simulated
radial flow in a column
Q = 0.67 CFM
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R = distance from well = 1.5 feet (45.7 cm)
H = height of packing or well screen = 9 feet
CSA = cross sectional area at that distance = 2rc RH 
=84.8 ft2
b) Velocity = 0.01 cm/s using the reported porosity of
0.35
c) Residence time: 69.3 minutes
7) Brooks: radial flow through a wedge shape soil pack
a) Operating Conditions
Q = flow rate = 140 to 700 mL/min
R = distance from air source (well) for this 
calculation one half of the length of the wedge (0.5 meters) 
were used (50 cm)
H = height, this dimension was calculated from the 
heights of the two convecting regions (sand) = 48 cm
CSA = because it was a wedge with 60 degree angles, 
the cross sectional area is only one sixth of complete radial 
flow
CSA = (60/360)2rc (50cm)(48cm) = 2500 cm2 
Porosity = 0.27 (air filled)
Length = 100 cm
b) Velocity range : 0.003 6 cm/s to 0.018 (based on the
air filled porosity)
c) Residence time: 92 to 4 62 minutes for a path length 
of 100 cm
8) McKenzie: linear flow through a soil column
a) Velocity: a velocity range was given from 0.01 to 
0.06 cm/s
b) Residence time based on a packing length of 3 0 cm 9 
minutes to 51.5 minutes.
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Chapter 4
EXPERIMENTAL APPARATUS AND PROCEDURES
All final SVE laboratory experiments were conducted 
during the period from November 199 0 to February 1991. 
Toluene was selected as the contaminant, Ottawa sand was used 
as soil media, and nitrogen was the extraction gas. Three 
types of column experiments were conducted: 1) evaporation
of toluene dissolved in the retained water, 2) adsorption- 
desorption of toluene vapors on the soil solids, and
3) evaporation of liquid toluene.
In the first set of experiments, residual toluene- 
saturated water was stripped with toluene-free nitrogen. 
Variables investigated included flow rate, relative humidity, 
and flow method (continuous or intermittent).
A second group of experiments studied adsorption and 
desorption of toluene vapor in dry columns of Ottawa sand and 
Ottawa sand coated with humic acid. Nitrogen saturated with 
toluene was passed through the soil column until the packing 
surface became saturated with toluene. Toluene saturated 
nitrogen flow was stopped and nitrogen at either 0 or 
100 percent relative humidity was introduced to desorb 
toluene. In addition to the dry column experiments, one 
experiment was run in an unsaturated column with humic acid 
coated Ottawa sand.
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In the third group of experiments, liquid toluene was 
evaporated from an Ottawa sand column. Dry nitrogen was used 
to evaporate toluene from the water-free column. Water 




The process flow diagram of the experimental apparatus 
is shown in Figure 4.1. In general, nitrogen from a 
compressed cylinder source passed through liquid water and 
toluene for preconditioning before entering the soil column. 
The effluent from the soil column was analyzed on-line by gas 
chromatography (GC) for toluene vapor concentration.
Nitrogen delivery was maintained at a constant 5 psi by a 
two-stage regulator. After the regulator, the nitrogen 
stream was split 3-ways and connected to a rotameter bank for 
flow control of multiple lines to the soil column. The 
rotameters used were manufactured by Omega Instruments Model 
numbers FL-3607C and FL-3 635G.
One-eighth O.D. copper tubing was used for nitrogen 
delivery between the compressed gas cylinders and the 
rotameters. Between the rotameters and the soil column, all 
tubing was 1/8 inch O.D. Teflon. Depending on the extraction 
requirements, the nitrogen streams were conditioned as 


























































saturated nitrogen, and 3) water-saturated nitrogen or 
toluene and water-saturated nitrogen. The inlet gas line was 
connected to the column with a 1/8-inch Swagelok nut. The 
1/8-inch outlet from the soil column was reduced to 1/16-inch 
stainless steel for tubing of the same size, which was 
connected to the automatic sampling valve of the GC. The gas 
sampling valve exhausted into a fume hood. The exhaust gas 
flow rate was periodically measured with a 10 mL bubble 
meter.
4.1.2 Humidification and Toluene Saturation
Nitrogen was saturated with water or toluene by bubbling 
the gas through fritten glass gas dispersion tubes into 
8-inch long by 1-inch diameter test tubes filled with water 
or toluene, respectively. The water used for humidification 
and throughout this research was deionized (DI) water 
polished by a Milli-Q Reagent System of four cartridges in 
series (two ion exchange beds followed by a particulate 
filter before final polishing with activated carbon).
Reagent grade toluene was acquired from the stock supply at 
the CSM Department of Chemistry store room.
To assure complete water saturation nitrogen was 
initially bubbled through water heated approximately 10°C 
above system temperature and then bubbled through a second 
water column at the system temperature. Heating was 
accomplished by submerging the test tube into a hot water
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bath. Upon humidification, the gas passed through a 250 mL 
erlenmeyer flask to separate entrained liquid water.
Toluene saturation took place after humidification. 
During a preliminary test it was observed that when toluene 
saturation preceded humidification, liquid toluene would 
continually accumulate in the water saturation tube. When 
humidification preceded toluene saturation water did not 
accumulate in the toluene saturation tube. Before an 
experiment was started, the toluene saturator was 
equilibrated with water.
All humidification and saturation equipment was placed 
inside a vented hood. The room temperature was maintained at 
23°C ± 2 0C. All saturator tubing was 1/8-inch diameter 
Teflon and connections were 1/8-inch stainless steel 
Swagelok. Connections at the inlet and outlet of the liquid 
bubblers and separators were 1/4-inch stainless steel 
Swagelok. The fittings were reduced to 1/8-inch for the 
tubing connections.
A 3-way valve (Whitey 1/8-inch Swagelok) directed 
nitrogen into or from saturators. For example, nitrogen 
after humidification can be directed to either toluene 
saturation or to the soil column. A second 3-way valve 
directed either dry or humidified nitrogen into the toluene 
saturator. Another 3-way valve after toluene saturation is 
used to either by-pass or send appropriately conditioned
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nitrogen into the soil column. Nitrogen was conditioned at 
50 percent relative humidity by combining the dry nitrogen 
stream with the humidified stream and setting the rotameters 
controlling each line flow to equal flow rates. Then the 
streams were combined before connection to the column inlet.
4.1.3 Chemical Analysis and Monitoring
Toluene concentration was measured directly on-line 
using a Varian Vista 6000 Gas Chromatograph (GC). This GC 
was equipped with flame ionization detection (FID) and a 
Varian Vista 401 Data Acquisition System. The GC column was 
6 foot long by 1/8-inch diameter stainless steel and packed 
with Super-Q (Alltech Associates) with a mesh size of 80-100 
and maximum operating temperature of 250°C. Both liquid 
samples of toluene in water and toluene in ethanol (for 
standards) were hand injected using a 5.0 uL syringe 
(Hamilton Microliter #956). The ethanol used was 200 proof 
(Midwest Grain Products Co.).
Vapor samples were injected by a 2-position 6-port 
automatic gas sampling valve powered by an electric actuator 
(Valeo Instruments Co., model ECWP). The gas sample loop 
(Model SL250C6W) had a volume of 250 uL. The electric 
actuator would move the valve to the closed position for 
sample by-pass and to the open position for sample injection. 
Valve actuation was controlled as an external event to the
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data acquisition system of the GC. Sampling times for the 
auto-sampler were programmed into the GC method.
Relative Humidity (RH) in the nitrogen stream was 
measured using a probe (Panametrics, Inc. model MC4-D-3 0) 
connected to a meter. The meter consisted of transmitter, 
sensor and power supply/readout device (Panametrics Model 
PSDA). The calibrated range of the probe was from 5 to 
95 percent relative humidity. However, the meter was able to 
read outside this range but with less accuracy.
4.1.4. Soil Column
The soil column was fabricated in the CSM Department of 
Physics machine shop. An exploded view of the soil column is 
presented in Figure 4.2 showing the individual pieces and how 
they are assembled. The soil column consists of three main 
parts: 1) the column body, 2) the end caps, and 3) and end
cap fasteners. The column body was machined from a nominal 
1.5-inch diameter, schedule 40, 316 stainless steel pipe. A 
construction detail drawing is presented in Figure 4.3. The 
total length of the column is 26.67 cm, the outside diameters 
4.81 cm, and the wall thickness is 0.35 cm. At each inside 
end of the column, a 0.03 cm cut was milled 2.06 cm from each 
end to provide a smooth surface for the end cap O-rings. The 
total length available for the soil packing is 22.54 cm and 













END CAP (BOTTOM) 
SEE DETAIL, FIGURE




 DIAMETER OF POLISHED END
FOR "O" RING SEAL
O.D. = 4.813 cm
I.D. = 4.113 cm 
(THROUGHOUT 
SAND PACK REGION)
WALL THICKNESS = 0.351 cmO *O'SCi ------------
Figure 4.3 Construction Drawing of the SVE Column.
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fitting to 1/8-inch Swagelok port) were welded onto the side 
of the column wall and a 1/16-inch hole was drilled inside 
the fitting and through the column wall. The distance 
between the pressure taps is 21.83 cm.
Each end cap consists of three parts: a 5.08 bronze
frit (Soil Test, Inc.) was machined to 4.14 cm to fit with 
close tolerance to the inside diameter of the column. The 
frit is 0.63 cm thick and supports the sand pack during 
pressurizing and also distributes the stripping gas at the
column inlet. A 0.64 cm spacer between the end cap and the
porous frit as cut from a nominal 1.5-inch diameter copper 
tube.
Figure 4.4 is a construction drawing of the end cap.
Two end caps were machined from a nominal 1/2-inch thick, 316 
stainless steel flat bar. A 7.62 cm square by 1.44 cm thick 
block was cut from the stock bar and turned on a lathe to cut 
a 4.16 cm in diameter and 0.94 cm thick plug. Along the 
circumference of the plug a 0.125 cm wide by 0.2 06 cm deep 
notch was cut to support an O-ring. A 4 0-mm by 2-mm Viton CD-
ring was used as the vapor seal. The water side of the end
cap was kept square. On each of the four corners of the end 
cap, 0.4 67 cm diameter holes were drilled on 4.54 cm centers. 
4-holes were tapped into the bottom end cap then threaded to 
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Figure 4.4 Construction Drawing of the SVE Column End
Caps
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In the center of each end cap, a hole was drilled and tapped 
for a 1/4-inch NPT by 1/8-inch Swagelok adapter. The soil 
column and end caps were fastened together with four 
5/32-inch threaded rods which screwed into the bottom end cap 
holes and fastened at the top end cap with 4-wing nuts.
Table 4.1 summarizes the dimensions of the soil column.
Table 4.1: Summary of Soil Column Dimensions
Length (For Sand Pack): 22.66 cm
Diameter (Available for Air Flow): 4.11 cm
Cross Sectional Area: 13.38 cm2
Total Volume: 303.5 icm3
Distance Between Pressure Taps: 21.83 cm
4.2 Experimental Preparation and Test Procedures
4.2.1 Soil Column Preparations 
Material Description
Ottawa sand for column experiments was obtained from 
U.S. Silica’s (Berkeley Springs, WV) mine in Ottawa, 
Illinois. Samples of various particle size ranges were 
received in 25 pound containers. Each sample consisted of 
various particle size distributions as specified in 
Table 4.2. The six samples ranged in average particle 
diameter from approximately 3 0 to 125 US Standard mesh. 
Ottawa sand is an excellent packing media because it almost 
consists solely of quartz and has relatively inert physical
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US Silica Samole Identification
F-50 F-58 F-65 F-95 F-125
20 99.4 — — — .
30 69.9 99.9 100.0 100.0 —
40 3.4 88.8 97.1 98.0 99. 6 —
50 0.3 54.0 76.9 82.7 97.6 99.8
70 — 18.5 38.7 51.7 89.9 98.2
100 2.5 8.3 18.9 57.4 86.0
140 0.1 .04 4.0 18.0 47.8
200 0.0 0.0 .05 2.6 13.2
270 — — 0.0 0.1 3.2
Pan — 0.0 0.0
Note: Data from U.S. Silica product information dat
sheets.
properties: low internal porosity, minimal surface
roughness, small ion exchange capacity and low solubility in 
neutral waters. Table 4.3 is a listing of the physical and 
chemical properties as supplied by US Silica. Ottawa sand 
has been used as a packing media in previous SVE studies. 
However, in these previous studies usually a single particle 
size range was used. In this research, a mixture of seven 
particle size ranges was prepared for all column experiments.
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Table 4.3 Physical and Chemical Properties for Ottawa Sand
Physical Properties Chemical Analysis (%)
Mineral: Quartz Silicon Dioxide: 99.8
Color: White Iron Oxide: 0.02
Particle Density: 2.65 g/mL Aluminum Oxide: 0.047
Bulk Density Range Examples: Titanium Dioxide: 0.02
Filter Sand: 102* Calcium Oxide: <0 .01
Sample F-125: 87* Magnesium Oxide: <0.01
Loss-on-Ignition: 0. 09
Bulk density is for uncompacted samples in lb/ft3 
Note: Data from U.S. silica product information data sheets
Sand Mixture Recipe
The Ottawa sand recipe used here was based on a previous 
study which produced sand columns with various particle size 
mixtures to establish specific permeabilities (Schmidt,
1981). Table 4.4 lists the size fraction range, the mass of 
the range added to the mixture, and the respective weight 
percent.
The sand fraction ranges shown on the left column of 
Table 4.4 were prepared by wet sieving samples obtained from 
US Silica. The wet sieving procedure involved stacking 4 or 
5 sieve sizes which were in the range of the classification 
reported from the product literature. The stack was placed 
into a deep basin sink and approximately 250 g of sand from 
the sample was poured onto the top sieve. A constant stream 
of water along with hand brushing the sand around the screen
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Table 4.4: Sand Mixture Recipe
Sand Fractions 
(US Std. Mesh)






20 - 30 0.600 - 0.850 52 7.8
30 - 50 0.300 - 0.600 125 18.7
50 - 70 0.210 - 0.300 125 18.8
70 - 100 0.150 - 0.300 125 18.8
100 - 140 0.106 - 0.150 125 18.7
140 - 200 0.075 - 0.106 58 8.7
200 - 325 0.045 _ 0.075 58 8.7
Total 668 100.0
forced smaller size particles through onto subsequent sieves. 
After observing no additional sieving, the top sieve was 
removed and the same brushing and continual water stream was 
applied to the next sieve.
Each sieve fraction was put onto metal pans and oven 
dried at 110°C for approximately 24 hours. The sand 
fractions were cooled and poured into 1-L Nalgen™ bottles 
and capped to limit contact with atmospheric moisture. The 
sand mixture recipe was completed by pouring the required 
mass of each fraction into a 1-L bottle then shaking 
vigorously for 5 minutes prior to placing into the column.
Figure 4.5 is the grain size distribution curves for the 
mixture. This graph plots the percent of particles passing 
as a function of particle diameter. This curve shows the 
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indicates the spread or distribution of particle sizes. Cv 
is calculated by dividing the particle diameter at 60 percent 
passing by the particle diameter at 10 percent passing. For 
the mixture used in this study, Cv was 3.33, which is an 
indication of sufficient gradation of particles sizes to 
produce a stable pack (Bowles, 1978).
Preparation of Humic Acid Coated Sand
To simulate the effect of soil organic matter, humic 
acid was coated onto the Ottawa sand. A procedure previously 
used to coat an alumina oxide (Peterson, 1988) was modified. 
For this research humic acid (14.5 g) in its sodium salt form 
(Aldrich Chemical, Inc.) was dissolved into a 150-mL solution 
of water and methanol (75 mL each). Another 100 mL of 
methanol was added to dissolve solid adhering to the walls of 
the glass jar. While mixing, concentrated nitric acid was 
added until the pH was between 2.5 and 3.0 producing a 
precipitate of humic acid. This precipitated solution was 
divided evenly between two 668 g sand mixtures (Table 4.4) 
and incubated for 48 hours with occasional stirring to 
homogenize the contents. After drying at 120°C for 24 hours, 
the sand samples were combined and rinsed three times with 
distilled water and again dried. The sand mixture was then 
rinsed three more times and dried. The mass of the humic
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acid coating was determined by the gravimetric change after 
combustion in a muffle oven.
Packing Procedure
The empty column was washed with an Alconox Soap 
solution, rinsed with DI water, and oven dried for 2 hours at 
110°C. The bottom end cap was inserted and the top of the 
column left open. Approximately 15 mL of the sand mixture 
was poured into the column through a long-stern funnel.
Pouring sand slowly through a stem which comes close to the 
sand prevents segregation of particle sizes which may occur 
during free fall. When poured into the column this volume of 
sand is 1.1 cm high and decreases to 1.0 cm after compaction. 
Each layer of sand poured into the column was compacted to 
approximately 2000 psi using a hydraulic press (Soil Test, 
Inc., Model GN470). A custom steel plunger was made with a 
diameter just smaller than the inside diameter of the column. 
This produces an evenly distributed force over the top of the 
sand pack. After compacting a layer, the side of the column 
was tapped with a rubber mallet to adjust the particle 
arrangements, which in turn would decrease the packing 
pressure. The pressure was then increased back to 2 000 psi 
before taking the column off the press to apply another layer 
of sand. The column was designed for constant volume because 
the distance between the two support pieces of the end caps
T-3967 97
was fixed. As a result, bulk density, porosity and 
permeability could only be changed by varying the packing 
pressure.
Column Saturation and Draining Procedures
The procedure followed for saturating and subsequently 
draining of the soil column was similar for application of 
pure DI water and DI water saturated with toluene. The 
process scheme for saturating the column with toluene- 
saturated DI water is presented in Figure 4.6. The column 
was saturated with DI water by recycling 1-L of water through 
the column (upflow) at approximately 5 mL/min., using a 
peristaltic pump (Cole Parmer Model No. 7523-00). Saturation 
would continue typically for 12 hours (overnight).
To saturate DI water with toluene, approximately 10 mL 
of toluene was added to 1-L of DI water, which was shaken 
vigorously, and allowed to equilibrate for 24 hours. The 
toluene layer remained above the water. The intake line 
(1/4-inch Viton) of the peristaltic pump was inserted through 
a 2-hole rubber stopper and set near the bottom of the bottle 
in the water layer. The recycle return line from the top of 
the column was placed above the toluene layer. Since this 

























































After saturating the column, liquids were drained by 
forcing nitrogen saturated with either water vapor or both 
water and toluene vapors into the column from the top forcing 
liquids to drain from the bottom. Nitrogen flow was set 
initially at about 25 mL/min for 15 minutes and then 
increased to 50 mL/min for 3 0 minutes. Usually 50 percent of 
the liquid in the column after saturation was drained. Tests 
confirmed that this procedure established a constant water 
content over the length of the column. After saturation and 
draining, 3 samples were taken over a 20 cm pack at 2.5, 10 
and 17.5 cm from the top. From the 3 samples weighing 3.5 g, 
7.5 g, and 4.5 g, respectively, the water content was 7.5,
5.0 and 6.5 weight percent.
Column Reproducibility
The initial conditions for all unsaturated column 
experiments needed to be reproducible. Consequently, bulk 
density, porosity, permeability (nitrogen and water) and 
water retention were measured in a series of experiments to 
evaluate the packing, saturation and draining procedures.
Bulk density and porosity are calculated from the mass of 
sand in the column and the quartz density. Gas permeability 
tests were conducted for the dry column using nitrogen.
Water permeability was calculated from pressure drop measured 
during water saturation. After draining, the permeability of
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the unsaturated column was measured using water-saturated 
nitrogen. Water retention was determined by weight after 
draining. Sample calculations are presented in Appendix 4A 
of this Chapter.
Table 4.5 summarizes the results of the column packing 
reproducibility tests. Three soil packs were prepared and 
evaluated. Reproducibility was good for each parameter. In 
theory, permeability is a function of the soil only, and 
consequently there should be no difference between fluids.
An interesting note is that for the individual fluids the 
standard deviation for each set of permeability is low. The 
source of the consistent difference between nitrogen and 
water permeability is that the soil column was not completely 
saturated.
4.2.2 Sampling and Analytical Procedures GC Calibration
The GC was calibrated by injecting 1.5 uL of liquid 
standards prepared by dissolving known amounts of toluene in 
ethanol. Five standards were prepared so that the mass of 
toluene injected on column was within zero and the mass of 
toluene vapor in a 0.25 mL sample loop at the saturation 
concentration (9.25 x 10“5 g/mL) . For a 1.5 uL injection, 
the range of toluene mass in the standard was 2.5-3.0 x 
10"5 g. Standard preparation consisted of making the highest 
concentration standard and preparing the four lower 
concentration standards by dilution. Ethanol was chosen as
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Table 4.5 Reproducibility of Sand Pack Column Properties




Mass of Soil (g) 539.05 541.7 536.5 539.08 2.60
Bulk Density 
(g/mL)
1.78 1.78 1.77 1.78 0.01
Porosity 0.33 0.33 0.33 0.33 0.00
Total Pore Volume 
(mL)
100.2 99.2 101.2 100.23 0.98
Water Retention:
Water Retained 49.05 51.90 50.45 50.47 1.32
Weight Percent 
Water (%)





11.51 10. 33 11.15 11.00 0.60
Water Permeability 5.85 4.89 4.89 5.21 0.55
Saturated Nitrogen 0. 63 0.61 0. 62 0. 62 0. 01
the solvent because ethanol has a much faster residence time 
in the GC column than toluene, which allowed for easy peak 
identification. As an example, calibration data for 
February 6, 1991 is presented in Table 4.6 and plotted in 
Figure 4.7. These results confirm that flame ionization 
detection is linear over a large range of concentrations (up 
to 5 orders of magnitude) (Varian, 1980).
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Liquid Samples
Toluene saturated water samples were taken from the 1-L 
bottle used for saturating soil columns. A sample was drawn 
from the jar using a 10 mL syringe with a 5-inch needle.
This length of needle was necessary to draw the sample from 
water through the toluene layer. The sample was placed in a 
2 mL vial with a septum cap to limit volatile loss. A sample 
was drawn from the vial using the 5 uL syringe and injected 
directly into the GC. The concentration was calculated by 
converting the area counts to mass from the calibration curve 
and dividing the mass by the volume of sample injected. For 
each run, concentrations were calculated by averaging values 
from 3 to 5 sample injections.
Vapor Samples
Vapor samples were taken on-line either directly from 
the toluene saturator for measuring the saturated vapor 
concentration or from the exit of the soil column.
GC Run Methods
Two methods were programmed into the GC computer/data 
acquisition system: Method 1 was used for calibrating
standards and method 2, for the extraction runs. For both 
methods, the GC temperature settings were the same: injector 
temperature, 210°C; detector temperature, 2 60°C; and column
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Table 4.6: Example of Calibration Standards (Taken from
2/6/91 Calibration Curve Data; Room Temp = 23°C








g (0.25 ml 
sample 
loop)














22.88 23 .15 23.36 23.40 23.41
temperature, 2106C. The carrier gas (helium) flow rate was 
set at approximately 3 0 mL/min. The detector ranges for both 
methods varied from 2 to 3 orders of magnitude. Method 2 
differed from method 1 in that the relays were set to 
activate the automatic gas sampling valve.
4.2.3 Miscellaneous Tests and Procedures 
Relative Humidity (RH) Test
Because RH was not measured on-line during the 
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Figure 4.7 - Calibration Curve for 2/6/91
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determine the effectiveness of humidification. Initially the 
RH meter was tested for its response time under static 
conditions by placing the probe in the head space of a tube 
partially filled with water. RH response indicated 80% 
saturation almost instantaneously followed by a much longer 
period to reach 95% saturation. The next test evaluated the 
humidification process on-line. Nitrogen flow rate was set 
at 10 cc/min, which was close to experimental operating 
condition and RH reading never increased above 75 percent.
The saturator design was changed and 95-100% relative 
humidity was achieved.
Evaporative Cooling
Because the system was very temperature dependent, 
evaporative cooling caused by dry nitrogen was investigated.
A soil column at unsaturated conditions was prepared and dry 
nitrogen was passed through the column. Sweep gas 
temperature was monitored at the column inlet and outlet. 
Results from this test indicated no noticeable temperature 
decrease between the inlet and outlet of the column.
4•3 Experimental Procedures
4.3.1 Evaporation of Toluene Dissolved in the 
Retained Water
The objective of this experimental group was to study
the mass transfer of toluene from the retained column water
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into the nitrogen gas stream. The theory behind this 
phenomena is presented in Chapter 2.
Unsaturated columns were prepared as described earlier. 
The next step was to equilibrate toluene-saturated nitrogen 
and water. Nitrogen saturated with water and toluene was 
connected to the bottom fitting of the soil column and set at 
a flow rate at around 2 mL/min. The equilibration period ran 
from between 1 to 6 hours before beginning the extraction.
The concentration of toluene in the vapor phase at 
equilibrium, CD was used to normalize (nondimensionalize) the 
extraction concentration over time. CG was taken as the 
average vapor concentration of the final samples near the end 
of the equilibration period. The exact data used to 
calculate CG are indicated in the experimental data tables in 
the Appendix.
Extraction began when the toluene and water-saturated 
nitrogen stream was switched to water-saturated nitrogen 
only. During the initial period of extraction, the gas 
sampling frequency was set at 8.5 minutes. When the 
concentration of the gas dropped to 10 percent of CG, the 
sampling frequency was changed to 20 minutes. After 4 to 
5 hours into the extraction, samples were injected every 
60 minutes. The extraction start time and operating data 
such as system temperatures were recorded. Sample injection
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time and area counts were recorded automatically by the data 
system.
To evaluate experimental variability, four runs were 
conducted with a water-saturated nitrogen at a flow rate of 
about 7 mL/min. Next, liquid phase mass transfer limits were 
explored by increasing and decreasing the gas phase residence 
time. Nitrogen at 100 percent relative humidity was 
introduced at a lower flow rate (3.4 mL/min and a higher flow 
rate (17 mL/min).
The effect of nitrogen humidity was studied by 
decreasing the relative humidity to zero and 50 percent while 
keeping the gas flow rate at about 7 mL/min.
4.3.2 Adsorption-Desorption of Toluene Vapors Upon 
Sand Columns
Adsorption-desorption experiments were conducted on 
columns of dry Ottawa sand, dry humic acid coated Ottawa 
sand, and humic acid coated Ottawa sand in an unsaturated 
state. Dry and water-saturated nitrogen was the stripping 
gas. In the unsaturated humic acid-coated Ottawa sand 
column conditions, the nitrogen was water saturated. This 
experiment was meant to represent conditions typical in the 
unsaturated (vadose) zone.
In the dry column experiments, the Ottawa sand (with or 
without humic coating) packed column was oven-dried for 
12 hours at 110°C, and cooled to room temperature. Toluene
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saturated nitrogen, either dry or humidified, by-passed the 
column for approximately 1 hour and was sampled on 8.5 minute 
intervals to determine the saturation concentration. The 
adsorption phase continued until the effluent concentration 
increased to the inlet saturation concentration. Toluene- 
saturated nitrogen flow was continued for an additional 1-3 
hours longer. Toluene-free nitrogen injection started and 
the desorption phase of the experiment would begin.
The unsaturated column was prepared with humic acid 
coated sand, saturated with DI water and drained to an 
unsaturated state. During the saturation process, some humic 
acid was leached from the sand pack into the water. 
Consequently, retained water at the start of this experiment 
contained humic acids which may have increased the apparent 
toluene solubility in water. This would might decrease the 
apparent Henry's constant for toluene.
4.3.3 Evaporation of Liquid Toluene
These experiments examined evaporation of bulk liquid 
toluene from a soil column in a dry or unsaturated condition. 
For the dry column experiment, the soil column was saturated 
with liquid toluene and drained using the procedure mentioned 
earlier for DI water. After draining, toluene liquid was 
evaporated with dry nitrogen. Approximately 4 0 grams of 
toluene were retained in the sand pack. To evaporate this 
amount of toluene in a reasonable length of time, the flow
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rate of nitrogen was increased to 50-85 mL/min throughout 
most of the extraction and then decreased to approximately
15 mL/min near the end of the extraction.
In the second experiment, liquid was added to the top of 
an unsaturated column and then forced through the column 
using nitrogen saturated with both water and toluene. It was 
initially assumed that toluene would be forced through the 
void spaces of the column. However, the toluene added to the 
top of the column displaced some of the water filled pores. 
Approximately 5 mL of toluene were added to the top of the 
column and approximately an equal amount of water was pushed 
out. Toluene was evaporated using water-saturated nitrogen 
at a flow rate between 7 and 8 mL/min.
The phenomenon of toluene displacing water rather than
the air filled pores was not indicated by another research 
group (Reible, et al., 1989). In their model development of 
gasoline infiltration through the vadose zone, water is 
immobile and gasoline displaces air as it infiltrates. 
Gasoline is then assumed wetting fluid and air is non­
wetting. One explanation of the toluene displacing the water 
is that toluene dissolved first into the DI water. This then 
could have changed the retention capabilities of water 
allowing liquid toluene to displace the aqueous phase.
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APPENDIX 4A
EXAMPLE CALCULATIONS FOR SOIL COLUMN PACKING TESTS
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The following example calculations are taken from the a 
packing test performed on 11/19/90
Column Packing Characteristics: 
1) Column Information:
Length of Sand Pack 
Length between pressure taps 
Cross Sectional area 




Sand Particle Density,pp 
Measured Parameters: 
Number of Lifts 
Packing pressure per lift 
















m ass of sand 
volume = 1.78 g




o = A(p*~pi)= 10 ■60 darcy
Definition of Variables
u = nitrogen viscosity 0.018 cp
L = length of sand pack 21.83 cm
P = barametric pressure 0.803 atm
Pj = inlet column pressure 0.804 atm
P2 = outlet column pressure 0.803 atm
A  = cross sectional area 13.38 cm^




Y  u L QK n = =4 2 0 A(P,-P2)
u = water viscosity 0.91 cp
L = length of sand pack 21.83 cm
(P1— P2) = differential 44.50 mm Hg(5.86 xlO”2 atm)
pressure
A  = cross sectional area 13.38 cm




u = mixture viscosity (Wilke method) 0.01 cp
between water vapor and nitrogen
L = length of sand pack 21.83 cm
P = barametric pressure 0.803 atm
Pi = inlet column pressure 0.830 atm
P2 = outlet column pressure 0.800 atm
A  = cross sectional area 13.38 cm2
Q  = Volumetric flow rate 0.13 cm/s
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Table 4A.1 Soil Column Packing Test 1
Data of Test: 11/16/90
Sand Packing and Experimental Conditions: 
Packing Pressure (psi) 2000
Volume of Soil Column 303.50
Mass of Soil 539.05
Bulk Density 1.78
Porosity 0.33
Total Pore Volume (cc) 100.08
Room Temperature (°C/K) 25
Viscosity of Nitrogen (cp) 0.0176
Viscosity of Water (cp) 0.9111
Length of Sand Pack (cm) 21.83
Cross Sectional Area (cm2 13.38
Atmospheric Pressure:
(mmHq)_______(atm)
Water Retension Capacity: 
Mass of Water Retained (g) 
Water Porosity 
Air Porosity 













Average = P2 0.803














Dry Column and Dry Nitrogen
60 38.51 0.64 18.00 1.74E-03 8.05E-01 10.681
40 23.44 0.39 10.00 9.67E-04 8.04E-01 11.708
20 13.35 0.22 5.50 5.32E-04 8.04E-01 12.127
Water Permibility (mm Hg)
Atmospheric Pressure:
10 0.17 43.5000 0.0572 4.3285
20 0.33 51.0000 0.0671 7.3839
Saturated Nitrogen Permeability:
Room Temperature (°C/K) 24 297.15
Mole Fraction Water Vapoi 0.0320 (at 22°C)
Viscosity of Water Vapor (by Chapman-Enskog)




Water Vapor Viscosity (cp) 0.0107 
Mixture Viscosity (by Method of Wilke)
Mix12 13.9804285
Mix21 13.0410796
Mixture Viscosity (cp) 0.0122
Reading on Flow Rale Flow Rate Differential Differential Permeability
Rotameter (cc/min) (cc/s) Pressure Pressure ~ P1 (Darcy)
(in H20) (atm) (atm)
50 38.96 0.65 8.25 2.03E-02 8.23E-01 0.629
20 9.25 0.15 2.00 4.91 E-03 8.08 E-01 0.622
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Table 4A.2 Soil Column Packing Test 2
Data of Test: 11/19/90
Sand Pack and Experimental Conditions: Water Retension Capacity:
Packing Pressure (psi) 2000 Mass of Water Retained (g) 51.90
Volume of Soil Column 303.66 Water Porosity 0.17
Mass of Soil (g) 541.70 Air Porosity 0.16
Bulk Density (g/cc) 1.78 Air Pore Volume (cc) 47.34
Porosity 0.33
Total Pore Volume (cc) 99.24
Room Temperature (°C/K) 25 298.15
Viscosity of Nitrogen (cp) 0.0178
Viscosity of Water (cp) 0.9111
Length of Sand Pack (cm) 21.83 (Between Pressure Taps)
Cross Sectional Area (cm2 13.38
Atmospheric Pressure:




Average = P1 610.35 0.803
Reading on Flow Rate Flow Rate Differential Differential Permeability
Rotameter/ (cc/min) (cc/s) Pressure Pressure P1 (Darcy)
Flow Meter (mm H20) (atm) (atm)
Dry Column and Dry Nitrogen
60 39.16 0.65 19.50 1.89E-03 0.805 10.03
20 15.39 0.26 7.25 7.01 E-04 0.804 10.60
Saturated Column with Water (in Hg)
10.00 0.17 44.50 5.86E-02 4.23
20.00 0.33 68.00 8.95E-02 5.54
Saturated Nitrogen Permeability:
Room Temperature (°C/K) 24 297.15
Mole Fraction Water Vapoi 0.0320 (at 22°C)
Viscosity of Water Vapor (by Chapman-Enskog) 




Water Vapor Viscosity (cp) 0.0107 
Mixture Viscosity (by Method of Wilke)
Mix12 13.9804285
Mix21 13.0410796

















Dry Column and Dry Nitrogen
60 49.50 0.83 11.00 2.70E-02 0.830 0.60
20 7.95 0.13 1.75 4.30E-03 0.799 0.61
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Table 4A.3 Soil Column Packing Test 3
Data of Test: 11/20/90 to 11/23/90
Sand Packing and Experimental Prep.: Water Retension Capacity:
Packing Pressure (psi) 2000 Mass of Water Retained (g) 89.85
Volume of Soil Column 303.66 Mass of Water Retained (g) 50.45
Mass of Soil 536.50 Mass Fraction of Water 0.09
Bulk Density 1.77 Water Porosity 0.17
Porosity 0.33 Air Porosity 0.17
Total Pore Volume 101.21 Air Void Volume (cc) 50.76
Room Temperature (°C/K) 22.5 295.65
Viscosity of Nitrogen (cp) 0.018
Viscosity of Water (cp) 0.9111
Length of Sand Pack (cm) 21.830 (Between Pressure Taps)






Average, P2 615.07 0.809
Reading on Flow Rate Flow Rate Differential ■ Differential Permeability
Rotameter (cc/m in) (cc/s) Pressure Pressure P1 (Darcy)
(mm H20) (atm) (atm )
Dry Column, Nitrogen
6 0  40.65 0.68 18.00 1.74E-03 8.08E-01 11.23
40  24.86 0.41 11.50 1.11 E-03 8 .10E-01 10.73
20  16.20 0.27 7.00 6.77E-04 8 .1 0E-01 11.49
Saturated Column, Water (mm Hg)
10.95 0.18 47.00 6.18E-02 4.39
22.85 0.38 80.00 1.05E-01 5.38
Saturated Nitrogen Permeability
Room Temperature (°C/K) 22 295.15
Mole Fraction Water Vapoi 0.0320 (at 22°C)





Water Vapor Viscosity (cp) 0.0106
Mixture Viscosity (by Method of Wilke)
Mix12 13.984
Mix21 13.041
Mixture Viscosity (cp) 0.0121
Reading on Flow Rate Flow Rate Differential D ifferential Permeability
Rotameter (cc/m in) (cc/s) Pressure Pressure P1 (Darcy)
(in H20) (atm ) (atm )
60  50.42 0.84 11.00 2.70E-02 8.36E-01 0.60
40  24.14 0.40 5.00 1.23E-02 8.22E-01 0.64




Results are presented for three groups of experiments:
(1) extraction of VOC dissolved in the retained water,
(2) adsorption/desorption of VOC vapor onto soil solids, and
(3) evaporation of liquid VOC. The results of these 
experiments are discussed and compared to other research 
studies of SVE. In addition, predictions from the 
mathematical model described in Chapter 2 are presented and 
compared to experimental observations.
Table 5.1 summarizes the operating conditions for all
experiments conducted as part of this study. Detailed tables
of the operating conditions and experimental results are 
presented in Section 7.1. Calculated data for material 
balances and breakthrough analyses are tabulated in 
Section 7.2.
5.1 Extraction From Retained Water
5.1.1 Experimental Variability
Four extraction experiments at the same standard
operating conditions were run to establish a base case and to
evaluate experimental variability. The operating conditions 
of these four base case experiments where: Volumetric Flow
Rate (mL/min), 7.0 (± 0.2); Linear Velocity, (cm/s)0.042 (±
9.80xl0‘4); Residence Time (minute), 8.95 (± 0.2) and
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Extraction of VOC Dissolved in Water
A1 7.30 100 6.7 0 0
A2 7.03 100 6.7 0 0
A3 6.90 100 7.0 0 0
A4 17.4 100 7.0 0 0
A5 3.4 100 6.8 0 0
A6 7.7/Inter­
mittent
100 6.5 0 0
A7 6.73 0 6.1 0 0
A8 7.76 0 6.6 0 0
A9 6.79 100 7.6 0 0
A10 7.5/Inter­
mittent
100 6.9 0 0
All 7.43 7.9 0 0
Adsorption/Desorption of VOC Vapor
Cl 7.4/7.1 0 0 0 0
C2 7.5/7/4 100 0 0 0
C3 7.3/7.8 0 0 0.25 0
C4 8.1/7.7 100 0 0.25 0
C5 6.8/6.8 0 0 0 0
D 7.3/8.0 100 7.5 0.25 0
Evaporation of Liquid VOC
131 19.9 0 0 0 41.2
133 8.0 100 7.3 0 4.2
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Relative Humidity, (%)90% to 100%. Both the linear velocity 
and residence time are based on the vapor void volume.
Values in parenthesis indicate the standard deviation.
Table 5.2 summarizes the operating conditions for the 
base extractions. Operating conditions and the column 
physical properties (bulk density, mass of water retained, 
initial mass of toluene in the column, temperature and flow 
rate of the stripping gas) were about the same for all four 
runs. The packing procedure was very reproducible as 
indicated by bulk density with an average value of 1.770 g/mL 
(+0.002 g/mL). The mass of residually held water was also 
reproducible at 37.7 g (+ 2.2 g). The initial mass of 
toluene was the sum of the mass in the water phase, vapor 
pores and column dead spaces. Initial water and vapor phase 
concentrations were measured by direct GC injection (Section 
4.3). Toluene within the dead spaces or regions within the 
column but outside of the sand pack were about 6 percent of 
the total mass. The average initial mass of toluene, was 27 
mg (±1.6 mg). The temperature in the liquid saturator and 
the soil column, averaged at 23.1°C with less than 2°C 
variation during a run and between runs.
On an average, 28 mg of toluene were removed after 104.1 
to 297.7 pore volumes of nitrogen passed through the sand 
pack. The sum of the mass of toluene removed and remaining 
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and 106.2% of the initial mass. The average final mass of 
toluene was 101.1% of the initial mass with a standard 
deviation of 4.3%.
Figure 5.1 shows the dimensionless concentration (C/C0) 
on a linear scale as a function of pore volumes of nitrogen 
injected based on the vapor void volume of the column. Three 
regions are apparent during an extraction. Between 0 to 
about 5 pore volumes, the concentration ratio remained 
constant at 1, indicating that the stripping gas 
concentration was in equilibrium with the toluene-saturated 
water. From 5 to 10 pore volumes, a sharp concentration 
reduction occurred. In the third region, between 10 to 15 
pore volumes, the concentration asymptotically approaches 
zero.
The effect of mass transfer resistances on removal rates 
and produced gas concentrations are most important in this 
third region. In addition, the low concentration asymptotic 
region is important practically since many field operations 
reach this condition relatively quickly but then continue 
operating for long periods of time to reach a cleanup level 
required for closure. However, on a linear scale, 
differences in the low concentration region are difficult to 
see. Replotting the data from Figure 5.1 on a semi-log plot, 
































0 5 10  15 2 0  2 5
Pore Volume
Figure 5.1 Dimensionless concentration of toluene in the
outlet gas for the extraction of toluene dissolved in
retained water. Nitrogen at 7 mL/min and 100% RH.
T-3967 123
In Figure 5.2, only the first 50 pore volumes of the 
extraction are displayed. Data scatter increased after 50
lpore volumes. Four regions are now evident: (1) a saturated
concentration between 0 to 5 pore volumes, (2) a faster 
exponential decay (i.e., linear on a semi-log plot) between 5 
to 10, followed by (3) a slower exponential decay from 20 to 
50 pore volumes, and (4) a transition region between 10 to 20 
pore volumes.
The mass fraction of the original toluene that remained 
within the soil column with respect to pore volume is shown 
in Figure 5.3. Three of the runs showed similar trends but 
one deviates significantly. An error in the initial toluene 
mass is a likely cause of the deviant behavior of this one 
run. If the calculated initial mass is less than what is 
actually present in the column, a plot of (1-M/Mo) would show 
an erroneously larger decrease with time. If we discard this 
inconsistent run, the remaining three experiments show a 
rapid reduction in the toluene remaining from 0 to 5 PV, 
followed by a gradual reduction from 5 to 50 PV.
5.1.2 Effect of Flow Rate
The flow rate of the stripping gas was varied (increased 
and decreased) from the base case runs of about 7 mL/min to 
determine whether mass transfer limitations exist. If the 
extraction is liquid phase mass transfer limited, the 
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Figure 5.2 Dimensionless concentration of toluene in the
outlet gas for the extraction of toluene dissolved in
retained water. Nitrogen at about 7 mL/min and 100% RH.
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Pore Volume
Figure 5.3 Mass fraction of toluene remaining in the column 
as a function of pore volumes. Nitrogen at about 7 mL/min 
and 100% RH. rapid reduction in the toluene remaining from 0 
to 5 pore volumes, followed by a gradual reduction from 
5-50 PV.
T-3967 126
increase when the gas residence time increases (i.e., flow 
rate decreases) because there is then more time for water 
and gas to equilibrate.
Table 5.3 summarizes operating conditions and column 
physical properties of these two runs compared with averages 
from the base case experiments. All of the column physical 
properties were statistically consistent with the base case 
experiments. The initial total mass of toluene in the column 
was 27.4 mg for the high flow rate and 27.0 mg for the low 
flow rate experiment. This corresponds to approximately 45 
to 50 mg/kg (ppm) of toluene present in the wet sand before 
extraction began.
Stripping gas flow rates were increased and decreased 
from 7 mL/min (medium flow rate) to 3.4 mL/min (low flow 
rate) and 17.4 mL/min (high flow rate), respectively. Linear 
velocity, based on the available pore volume ranged from 
0.02 cm/s to 0.10 cm/s for a residence time within the soil 
pack of 29.7 minutes (low flow rate) to 5.8 minutes (high 
flow rate). Average residence times for the base case runs 
was 8.95 minutes.
Figure 5.4 shows the dimensionless concentration (C/Co) 
as a function of pore volume (based on vapor volume) for the 
low, medium and high flow rate runs. All four medium flow 
rate runs are included in Figure 5.4. The data agree with 
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Figure 5.4. Dimensionless concentrations of toluene in
outlet gas as a function of nitrogen flow rate for extraction
of toluene dissolved in retained water. Nitrogen at 100% RH.
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mass transfer resistances occur. During the initial stage of 
the extraction, from 0 to 10 pore volumes, there is little 
difference in concentration with respect to changes in flow 
rate, on a normalized pore volume basis. In the later stages 
of the extraction process, concentration of toluene in the 
low flow rate gas decreased less rapidly than the medium and 
high flow rate extractions. That is, when the gas spent more 
time in contact with the retained water, more mass transfer 
occurred. In contrast, at the high flow rate, the gas phase 
toluene concentration is lower than in the medium and low 
flow rate extractions. In the high flow rate extraction, the 
gas phase spent a shorter time in the column which limited 
the time for mass to transfer from water to the gas. If 
liquid phase mass transfer resistances had been negligible, 
then the outlet gas concentration plotted as a function of 
pore volumes injected should have been the same for all three 
flow rates.
The mass fraction of toluene remaining in the column is 
plotted in Figure 5.5 for all three flow rates. From 0 to
about 4 pore volumes, the three flow rates follow the same
trend and mass is reduced in the column at the same rate. 
After 5 pore volumes, the high flow rate mass extraction rate
decreases compared to the medium and low flow rate
extraction. By comparing Figures 5.3 and 5.4, it is apparent

























0 5 10  15 2 0  2 5  3 0  35  4 0  4 5  5 0
Pore Volume
Figure 5.5. Mass fraction of toluene remaining in the column
as a function of flow rate for nitrogen extraction of toluene
dissolved in retained water. Nitrogen at 100% RH.
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high flow from the lower flow rates occurs at about the time 
that C/Co begins its exponential decay from unit (C/Co=l).
The low and middle flow rate curves are apparently similar 
until approximately 10 to 15 pore volumes. At this point, 
for the medium flow rate, the mass removal rate decreases 
significantly, while the low flow rate increases the mass 
removal rate.
The model from chapter 2 was developed to estimate the 
time required for volume of gas to equilibrate with the 
toluene contaminated water. Based on a hydraulic radius of 
0.025 mm, Equation 2.16 predicted that the vapor phase would 
become 99.5% saturated with toluene in 11.4 minutes. For the 
stripping gas to reach equilibrium (or close to it) its 
residence time in the column would need to exceed 11.4 
minutes. For the three flow rates at 3.4 mL/min, 7.0 mL/min. 
and 17.4 mL/min. the residence times were 30 minutes, 9.0 
minutes and 6.0 minutes, respectively. The experimental 
observations at these residence times are consistent with the 
mathematical model estimates. Experimentally we know that 
equilibrium is not established in the medium and high flow 
rate experiments because the toluene concentration in the 
outlet nitrogen is higher in the low flow rate experiment.
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5.1.3 Effects of Intermittent Gas Flow
Two experiments were performed with intermittent flow. 
Table 5.4 summarizes the column physical parameters and 
operating conditions for the intermittent flow runs compared 
to the base case extractions. Bulk density and the mass of 
water after draining for both runs were within the range and 
standard deviations of the base case runs. Flow rates of the 
intermittent runs were slightly higher than the average of 
the continuous runs, (nominally 7.7 mL/min and 7.5 mL/min 
compared to a range of 6.8-7.3 mL/min). The mass fraction of 
toluene removed in the two intermittent runs was nearly the 
same as the base case runs. Importantly, to reach these 
clean-up levels the intermittent flow runs used about one 
half as much nitrogen (81 and 98 pore volumes) as the 
continuous base case runs (194 pore volumes).
The operating schedule for the intermittent flow 
experiment is summarized in Table 5.5. The dimensionless 
toluene concentration of the produced gas is shown in 
Figure 5.6. The continuous flow base case extraction runs 
are shown for comparison. Concentration peaks resulted when 
the stripping gas flow was resumed after being turned off for 
a period of time. The size of the concentration spike 
increased with the length of time that the gas was turned 
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in Figure 5.6), almost no increase was observed. Once flow 
is resumed the toluene in the exit gas rapidly declines.
The operating schedule and resulting toluene 
concentration in the outlet gas for the second intermittent 
flow experiment are given in Table 5.6 and Figure 5.7, 
respectively. In this experiment, the gas shut off periods 
were between 60 minutes and about 10 hours.
In this experiment, the magnitude of the concentration 
spikes were essentially the same for the shut off periods of 
60, 180 and 628 minutes. This is consistent with the gas 
phase having an adequate contact time-to reach equilibrium 
with the retained water. Consequently, the time required to 
reach equilibrium is less than 60 minutes, which is expected 
from the mathematical model estimates of about 11 minutes.
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+ 7.0 mL/min 
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Figure 5.6. Dimensionless concentration of toluene in outlet 
gas for intermittent run A6 and continuous nitrogen 
extraction of toluene dissolved in retained water. Nitrogen 
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Figure 5.7. Normalized concentration of toluene in outlet 
gas for intermittent run A10 and continuous nitrogen 
extraction of toluene dissolved in retained water. Nitrogen 
at 100% RH. Peak numbers correspond to conditions listed in 
Table 5.5.
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The data from Figures 5.6 and 5.7 are replotted on a 
pore volume basis in Figures 5.8 and 5.9. The mass fraction 
of toluene remaining is plotted in Figure 5.10 for the 2 
intermittent runs compared to the continuous flow base case 
runs. Figures 5.8 - 5.10 suggest two possible operating 
scenarios for improving removal efficiency. One method is to 
interrupt gas flow whenever the contaminant concentration in 
the produced gas drops below a specified value. Another 
approach is to interrupt gas flow whenever the VOC 
concentration in the produced gas begins to change slowly 
indicating that limiting conditions have been encountered.
Based on the concentration data for.the two extraction 
runs Figure 5.8 and 5.9, it is difficult to determine whether 
mass will be removed from the column more quickly or not with 
intermittent flow. It appears that the increased 
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Figure 5.8 Logarithm of the normalized concentration of 
toluene in outlet gas for intermittent run A6 and continuous 
nitrogen extraction of toluene dissolved in retained water. 
Nitrogen at 100% RH. Peak numbers correspond to conditions 
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Figure 5.9. Logarithm of the normalized concentration of 
toluene in outlet gas for intermittent run A10 and continuous 
nitrogen extraction of toluene dissolved in retained water. 
Nitrogen at 100% RH. Peak numbers correspond to conditions 
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Figure 5.10. Mass of toluene remaining in the column for 
intermittent runs A6 and A10 and continuous nitrogen 
extraction of toluene dissolved in retained water. Nitrogen 
at 100% RH.
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concentration which follows. These low concentration periods 
could be avoided by shutting gas flow off whenever a chosen 
low concentration level was reached. As seen in Figure 5.10, 
the intermittent flow scheme most improves mass removal 
efficiencies when the gas phase concentrations were low. 
Results of the intermittent runs indicate that the effluent 
of the soil column is not in equilibrium with the retained 
water. If the gas was in equilibrium with the water there 
would be no concentration increase as a result of pulsing the 
extraction.
Bednar (1990) mathematically modeled intermittent flow 
in a laboratory scale SVE system. His model assumes local 
equilibrium between gas, water and solid phases and 
intraparticle diffusion through porous solid material. Air 
velocities in his calculations ranged between 0.0014 and 1.4 
cm/s, compared to 0.03 cm/sec flow rate used here. The model 
simulated air flow for 2.2 pore volumes followed by an 
equilibration period of 22 minutes. The scenario was 
repeated until the simulation predicts that 95 percent of the 
VOC mass was extracted. For the choice of parameters studied 
(specifically intraparticle diffusion relative to gas 
diffusion), he claimed that 22 minutes was long enough for 
the air phase to reach 95 percent of equilibrium saturation 
for the velocity at 1.4 cm/s. The lowest velocity simulation 
corresponded to a gas residence time of 13.2 hours. In this
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case, intermittent flow gives the same result as continuous 
flow. For medium and high flow rates, respectively 7.8 and 
4.7 minutes residence times, intermittent flow shows the 
greatest improvement over operations for the highest flow 
rates. As expected, intermittent flow operations are most 
beneficial when diffusion path lengths are larger.
5.1.4 Effects of Relative Humidity
The effect of relative humidity of the stripping gas at 
0 (dry), 50, and 100 percent (fully saturated) was studied. 
Operating conditions and column physical properties for the 
humidity varying experiments are summarized in Table 5.7.
The average mass of water retained in the base case (100% RH) 
experiments was 37.7 g (+ 2.2 g). The mass of water retained 
in the zero and 50% RH experiments were 32.7, 35.8 (Dup) and 
42.6 g, respectively. The cause of the larger variability is 
unknown. The operating temperatures for the 0% and 50% RH 
runs were 23°C (+ 0.3 C).
Figure 5.11, shows the dimensionless concentration 
plotted as a function of pore volumes of nitrogen injected, 
based on the vapor void volume. Gas phase humidity may affect 
the outlet gas concentration. Replicate runs at 0 percent RH 
are nearly identical, indicating good reproducibility. 
Furthermore, the concentration curve of the 50 percent RH 
experiment is similar to the 100% RH runs. Interestingly, the 
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Figure 5.11. Dimensionless concentration of toluene in the 
outlet gas for extraction of toluene dissolved in retained 
water with nitrogen at 0, 50 and 100% RH. Nitrogen at about 
7 mL/min.
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respect to the volume of gas injected in the 0% RH runs than 
in either the 50% or 100% RH experiments.
The mass fraction remaining as a function of pore 
volumes of gas injected is shown in Figure 5.12. Despite the 
scatter in the base case data, a trend with relative humidity 
seems supported. At 0% RH a quicker decrease in 
concentration occurred (Figure 5.11), which corresponded to a 
lower rate in the mass of toluene removed per pore volume 
than for the humidified nitrogen. The 50% RH curve is 
similar to the 100% RH base case runs, although the 50% curve 
begins to drop below 100% RH curves after 25 pore volumes.
The cause of differences in removal rates and extraction 
efficiencies for dry and humidified nitrogen is not known.
One hypothesis is that the more rapid concentration decrease 
for the 0% RH runs could be a result of evaporative cooling 
at the nitrogen-water interface. Assuming that the heat of 
vaporization to saturate 50 PV of 0% RH nitrogen was supplied 
from only the retained water, the temperature change of the 
water is 1°C. Gannon, et al., (1989) estimated a similar 
temperature change. However, only the water close to the 
interface will supply the heat of vaporization. Therefore 
the temperature drop at the interface might be much greater 
than 1°C. Since vapor pressure is an exponential function of 
temperature, even small temperature changes may affect the
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Figure 5.12. Mass fraction of toluene in the column for 
extraction of toluene dissolved in retained water by nitrogen 
at 0, 50 and 100%. Nitrogen at about 7 mL/min. interfacial 
equilibrium and hence the toluene removal efficiencies.
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The total amount of water which the dry nitrogen 
evaporates is small. At 25°C one gram of saturated nitrogen 
would hold about 22 mg of water. Consequently, in the 
columns studied here, 100 pore volumes of dry nitrogen would 
evaporate only about 160 mg of water corresponding to less 
than 0.4% of the water initially present. If dry nitrogen 
evaporated the water from the entrance of the column first, 
after 100 pore volumes of dry nitrogen had passed, the dried 
zone would be only 0.9 mm thick.
5.2 Adsorption/Desorption of Toluene Vapors
5.2.1 Drv Ottawa Sand
Toluene saturated nitrogen was passed through dry Ottawa 
sand during adsorption experiments followed by desorption 
with toluene-free nitrogen. Two experiments on this media- 
type were performed: 0 percent relative humidity (RH) (plus 
duplicate) and 100 percent relative humidity. Soil column 
pack densities of 1.79 g/mL and 1.83 g/mL were produced.
These values were slightly higher than the base case runs 
which exhibited a bulk density of 1.77 g/ml (+ 0.002 g/mL). 
Stripping gas flow rate ranged from 6.8 mL/min to 7.5 mL/min 
for the adsorption phase and 6.8 mL/min to 7.4 mL/min for the 
desorption phase. These values correlate to gas velocities 
from 0.026 cm/s to 0.028 cm/s. Also, retention times are 
14 minutes. As a comparison the average velocity and 
residence times of the base case runs were 0.044 cm/s and
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8.85 minutes, respectively. The difference between the base 
case and dry column residence times arises from different gas 
volumes in the columns.
Figure 5.13 shows both adsorption and desorption 
concentration profiles for the three dry Ottawa sand runs. 
Fluctuations around C/Co equal to one were caused by detector 
changes in sensitivity or small variations in temperature. 
Desorptions were started at different times in the three runs 
so Figure 5.13 should not be used to compare desorption 
results.
In Figure 5.14 adsorption data is plotted on a linear 
scale for 0% and 100% RH runs. The 100% RH run reached a 
saturated concentration within 15 pore volumes. Toluene did 
not appear in the outlet gas until about 3 pore volumes. 
Between 4 and 7 pore volumes all extractions rise rapidly in 
concentration followed by the period between 7 and 20 pore 
volumes where the concentration slowly increases to the 
saturated value. The replicate curve followed a similar 
trend. It is interesting to note that for the 0% RH curves a 
fluctuation occurred at approximately 20 PV. Almost 
identical trends occurred for both the initial run and the 
replicate.
The amount of toluene retained on the column during 
adsorption and the amount extracted during desorption was 
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curves. Integration calculations and experimental data are 
presented in the Appendix. A summary of the mass balances 
are presented in Table 5.8. At 100% RH, 57.4 mg of toluene 
was retained on the column during adsorption compared to 57 
and 61 mg for the two 0% RH experiments. For the dry Ottawa 
sand experiments the integrated mass of toluene desorbed was 
always slightly larger than the integrated mass adsorbed. At 
0% RH, 108% to 105% of the toluene retained during adsorption 
was desorbed off the column. The consistently higher values 
for the mass removed probably arises from small positive 
errors in the low toluene concentrations observed during 
desorption.
Knowing the toluene vapor concentration and the vapor 
volume fraction, the mass of toluene adsorbed onto the Ottawa 
sand was calculated to be 0.086 mg/g for 100% RH and 0.086 
mg/g and 0.092 mg/g for the two 0% RH runs. That is, the 
total mass of toluene adsorbed as determined by integrations 
was essentially the same for all three experiments at about 
0.09 mg/g. We did not observe a decrease in mineral VOC 
adsorption in the presence of water vapor as was reported by 
Chiou and Shoup (1985) and McKenzie (1990). Chiou and Shoup 
reported a 6-fold larger adsorption of benzene from a dry 
nitrogen compared to humidified nitrogen. Their soil 
contained a significant fraction of clays (21%) which may 
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nonporous quartz sand. However, Mckenzie's experiments of 
toluene adsorption on 30-40 mesh Ottawa sand were similar to 
experiments described here.
For adsorption at 0% RH, Mckenzie measured toluene 
breakthrough at about 10 pore volumes compared to only about 
2 pore volumes at 100% RH. For his saturated toluene vapor 
at 60 mg/L, a sand density of 2.65 g/mL, and a void fraction 
of 0.33, this would correspond to an Ottawa sand adsorption 
of about 0.10 mg/g and 0.011 mg/g for 0% and 100% RH, 
respectively. Based on an average surface area of 32 cm2/g, 
McKenzie observed adsorptions of 3.1 ug/cm2 and 0.34 ug/cm2 
at 0% and 100% RH compared to 1.3 ug/cm2 observed here 
(average surface area was 70 cm2/g) for both dry and 
humidified nitrogen. However, McKenzie's desorption data at 
0% RH differed from his adsorption results exhibiting 
breakthrough between 5 and 6 pore volumes which would 
correspond to 1.4-1.7 ug/cm2. He attributes the difference 
in the 0% adsorption and desorption measurements to an error 
in the flow rate with no indication of which number he trusts 
more. Consequently, the amount of toluene adsorbed from dry 
and humidified nitrogen observed in this study was about the 
same magnitude as reported by McKenzie for dry nitrogen. 
However, McKenzie's much lower adsorption from humidified 
nitrogen was not observed here.
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Knowing the mass of toluene adsorbed we can estimate the 
area occupied by a toluene molecule. Using the approach 
proposed by Emmett and Brunauer (1937) for estimating the 
projected area of a molecule on a surface when molecules are 
arranged in close two-dimensional packing, toluene coverage 
should be about 30 A2/molecule. Based on this area, we 
calculate that the adsorption onto dry Ottawa sand is about 
25 monolayers thick. This type of multiple molecular layers 
is consistent with mineral adsorption of condensable vapors 
(Chiou and Shoup, 1985).
On a per gram of dry sand basis, the amount of toluene 
which would be present in the retained water in the previous 
set of experiments is about 0.04 mg/g, based on a typical 
water retention of about 40 g. Consequently, we observed 
that the mass of toluene adsorbed onto dry Ottawa sand was 
approximately two times larger than the mass of toluene 
saturating retained water.
Figures 5.15 and 5.16 show toluene desorption as a 
function of pore volumes of nitrogen injected. For the first 
five pore volumes the concentrations are nearly saturated. 
After 5 pore volumes, the concentrations for all relative 
humidity conditions rapidly decrease to a ratio of about 0.1 
before asymptotically approaching zero. Differences in 
desorption becomes more pronounced after 5 pore volumes as 
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Figure 5.15. Dimensionless toluene concentration of the
outlet gas for desorption of toluene from dry Ottawa sand
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Figure 5.16. Logarithm of the dimensionless toluene
concentration of the outlet gas for desorption of toluene
from dry Ottawa sand into dry humidified nitrogen.
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100% RH the concentration curve begins to decrease more 
rapidly than the 0% RH curve. The 0% RH experiments showed 
excellent reproducibility.
In Figure 5.17 the mass fraction of toluene remaining 
during desorption based on the calculated mass adsorbed is 
plotted as a function of pore volume. Figure 5.18 shows the 
mass fraction of toluene remaining during desorption based on 
the total mass desorbed. Figures 5.17 and 5.18 are not the 
same because the calculated mass desorbed was slightly higher 
than the mass adsorbed. From the start of the extraction to 
approximately 4 pore volumes, mass is removed from the column 
at the same rate for both 0% and 100% RH. After 4 pore
volumes for both mass basis, the fractional removal is more
rapid with the stripping gas at 100% RH than at 0% RH.
Normally, when the gas concentration in run A is lower 
than in run B then the rate of mass fraction removed is less 
for run A than run B. However in these desorption 
experiments, the 100% RH run had a lower concentration than 
the 0% RH runs, but the rate of fractional removal was 
greater for the 100% RH run. This probably occurs because
the initial mass Ottawa sand and hence the toluene adsorbed
was slightly less for 100% RH than for the 0% RH case.
5.2.2 Humic Acid Coated Ottawa Sand
Three adsorption-desorption experiments were conducted 
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Figure 5.17. Mass fraction of toluene remaining in the
column (based on initial mass) during desorption of toluene
from dry Ottawa sand into dry and humidified nitrogen.
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Figure 5.18. Mass fraction of toluene remaining in the 
column (based on final mass removed) during desorption of 
toluene from dry Ottawa sand into dry and humidified 
nitrogen.
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(1) adsorption-desorption of toluene vapor from dry nitrogen,
(2) adsorption-desorption of toluene vapor from nitrogen at 
100% RH, and (3) adsorption-desorption from the soil and 
absorption-desorption into retained water of toluene from 
nitrogen at 100% RH. The first two experiments were 
conducted on fresh columns. The third experiment on the 
unsaturated column reused the column from the second 
experiment. The column preparation, physical properties and 
material balance data are summarized in Table 5.8. The bulk 
densities of both columns are essentially the same as the 
base case runs. Porosity of the dry columns was 0.33. For 
the unsaturated column, a residual water content of 40.3 g 
resulted in an unsaturated porosity of 0.2.
Humic acid content of both columns measured 
thermogravemetrically prior to the experimental treatment was 
0.25 percent by weight. A yellowish brown color was 
observed in the water circulated to saturate the humic coated 
Ottawa sand column as described previously in Chapter 4. 
Consequently, after completing the toluene sorption- 
desorption experiments of the unsaturated soil, the column 
material was dried over night at 110°C and thermograve­
metrically analyzed. The apparent mass of organic material 
present on the sand after toluene treatment had increased 
from about 0.25 to 0.35 percent. Undesorbed toluene cannot 
be the cause of this increase since the total amount of
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toluene sorbed never exceeded 0.04 percent. The most likely 
cause of the increase is sorbed water which was not removed 
during the drying process.
Figure 5.19 shows concentration profiles for both 
absorption and desorption of toluene onto humic acid coated 
Ottawa sand. So that the dry and unsaturated column results 
can be compared on an equal bases. All of the adsorption- 
desorption column results are shown as a function of pore 
volumes calculated from the total column porosity of 0.33.
Desorptions were started at different times in the three 
runs so Figure 5.19 should not be used to compare desorption 
results. Mass balances for the adsorption and desorption 
runs were calculated by integration of the area under each 
curve, respectively. The amount of toluene sorbed on the dry 
humic coated Ottawa sand at zero and 100% RH were 144 mg and 
126 mg and the amounts removed were 141 mg and 126 mg, 
respectively. For the unsaturated column run 156 mg of 
toluene sorbed onto the column and 145 mg was removed by 
desorption. Interestingly, after almost twice as much 
nitrogen had been introduced, only about 93% of the sorbed 
toluene from the unsaturated column was removed compared to 
nearly 100% in the dry columns.
Knowing the vapor concentration and the vapor volume 
fraction, the mass of toluene adsorbed onto the humic acid 
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Figure 5.19. Dimensionless toluene concentration of the 
outlet gas for adsorption and desorption of toluene vapors 
from dry and humidified nitrogen onto humic acid coated 
Ottawa sand.
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for 0% and 100% RH, respectively. Consequently, nitrogen 
humidity appears to have essentially no affect on the amount 
of toluene adsorbed. The humic acid coated Ottawa sand 
adsorbed more than twice as much toluene as the clean sand.
If the additional amount adsorbed on the humic acid coated 
sand is attributed to the humic material, the humic sorption 
is about 60 mg/g. In the unsaturated column, 0.280 mg/g was 
sorbed on the combined soil and retained water.
Figure 5.20 presents the adsorption data for the three 
runs for the first 80 pore volumes. Adsorption curves for 
the three runs are similar for the first 10 to 15 PV. The 
dry columns reach equilibrium saturation at about 50 PV. 
Compared to sand with no humic acid, the concentration 
histories in Figure 5.20 slowly approach saturation 
suggesting kinetic or mass transfer limits. The unsaturated 
column run reaches saturation even much more slowly requiring 
greater than 100 PV, indicating a significant water phase 
mass transfer resistance.
Figure 5.21 shows the desorption for 75 pore volumes. 
From zero to 10 pore volumes the concentrations decreased 
slowly from unity to about 0.95 for all the runs. Between 10 
to 20 pore volumes, the concentrations drop rapidly from a 
ratio of 0.95 to 0.1. After 3 0 pore volumes, the 
concentrations for all conditions begin an asymptotic 





































Oa * Dry/0% RH
x O Dry/100 %  RH
a a Unsat./100% RHox
■  r— r  | i i i i | i i I -1"-| i i  i i j i i i i '[ i i i i | i i i i  [" I i r
0 10 2 0  3 0  4 0  5 0  6 0  7 0  8 0
Pore Volume
Figure 5.20. Dimensionless toluene concentration of the
outlet gas for adsorption of toluene vapors from dry and
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Figure 5.21. Dimensionless toluene concentration of the
outlet gas for desorption of toluene from humic acid coated
Ottawa sand into dry and humidified nitrogen.
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On the semi-log plot in Figure 5.22, the differences in 
concentrations are accentuated. All runs follow similar 
concentration decreasing trends from 0 to 15 pore volumes. 
However, after 15 PV the curves begin to deviate. The 
toluene concentration from the column at 0% RH drops more 
rapidly than the 100% RH curve over the remaining extraction 
period. Given the differences in the overall mass balances 
for the dry and 100% RH runs (see Table 5.5) these 
concentration curves may not be statistically different. 
Toluene concentration from the unsaturated column at 100% RH 
begins to decrease more rapidly compared to the dry column 
runs and continues this trend over the entire 75 pore 
volumes.
In Figure 5.23 the mass fraction remaining is plotted 
with respect to pore volume for the three runs. All three 
runs show similar trends in mass reduction for the first 15 
pore volumes, but then begin to deviate significantly. The 
mass removal rate from the unsaturated column reaches a 
plateau which corresponds to the low produced gas 
concentration after about 25 pore volumes (see Figure 5.22). 
The large deviation of the 100% RH experiment probably 
results from the discrepancy in the calculated mass adsorbed 
and desorbed. The amount desorbed was 157 mg compared to 126 
mg adsorbed. Conseguently, the calculated mass fraction 
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Figure 5.22. Logarithm of the dimensionless toluene 
concentration of the outlet gas for desorption of toluene 
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Figure 5.23. Mass fraction of toluene remaining in the 
column (based on initial mass) during desorption of toluene 
from humic acid coated Ottawa sand into dry and humidified 
nitrogen.
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5.3 Evaporation of Liquid Toluene
Two experiments were conducted to observe the evapora­
tion of liquid toluene from an Ottawa sand column at both dry 
and unsaturated conditions. The column preparation, physical 
properties, and material balances are summarized in 
Table 5.9.
5.3.1 Drv Ottawa Sand with the Stripping Gas at 0% Relative 
Humidity
The standard sand mixture was packed to a similar bulk 
density as the previously conducted experiments. The column 
was saturated with liquid toluene and then drained to a 
residual amount as described previously in Chapter 4. After 
draining a total of 41.4 g of toluene remained in the column. 
In terms of volume (using a liquid density of 0.87 g/mL),
47.6 mL of toluene was retained which corresponds to about 
48% of the pores compared with only 3 6% of the pores for the 
water unsaturated column. This result is rather surprising 
given that water has a higher surface tension than toluene 
and Ottawa sand should be preferentially water wetting.
Throughout the evaporation run, three different flow 
rates were set. All reported volumes are based on the total 
column porosity of 0.33. The first period, with a flow rate 
of 50 mL/min, lasted approximately 48 hours (2423 pore 
volumes). A flow rate of 50 mL/min corresponded to a linear 
velocity of 0.19 cm (assuming a dry column porosity of 0.33)
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Table 5.9. Summary of Liquid Toluene Evaporation Experiments
Run Number B1 B3
Column Preparations 
Status of Packing 
Mass of Sand (g)
Bulk Density (g/mL) 
Porosity























Initial Mass of Toluene: 


















Stripping Gas Characteristics: 
Flow Rate Period 1 (mL/min.) 
Duration Hours 
Number of Pore Volumes 
Superficial Velocity (cm/s) 














Flow Rate (period 2) (mL/min.) 






Table 5.9. Summary of Liquid Toluene Evaporation Experiments 
(Continued)
Run Number B1 B3
Superficial Number of Pore 2868.0
Velocity (cm/s) 0.11 NA
Residence Time (min.) 1.17 NA
Velocity wrt vapor porosity 0.32 NA
Flow Rate (Period 3) (mL/min.) 19.1 NA
Duration Hours 38.1
Superficial Number of Pore 3637.0
Velocity (cm/s) 0.02 NA
Residence time (min.) 5.26 NA
Relative Humidity 0% 100%
Mass Balance:
Initial Mass of Toluene: 41.40 4.23
Mass of Toluene Removed (g) 41.29 3.88
Percent Difference 0.26% 8.15%
Number of Pore Volumes 6060 915.7
System Temperature:
Saturator Average (°C) 23.0 23.2
Column Average (°C) 24.3 23.3
Volume of Sand Pack (mL) 303.5
Cross Sectional Area (cm 2) 13.38
Density of Toluene (24.3°C) 0.87
Notes: NA » Not ApplicableNR * Not Recorded
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and a residence time of 2.01 minutes. For the next 33 hours, 
the flow rate was set at 86 mL/min. At this condition the 
linear velocity was 0.32 cm/s producing a gas residence time 
of 1.17 minutes. Near the end of the evaporation, the flow 
rate was decreased to 19.1 mL/min, which corresponds to a 
velocity of 0.07 cm/s (assuming a porosity of 0.33) and a 
residence time of 5.26 minutes. The mass of toluene 
evaporated closely agreed with the initial mass of toluene on 
the column. A total of 41.29 g of toluene was recovered from 
the initial mass of 41.4 g, which is equal to a 99.74 percent 
recovery.
Figure 5.24 shows the dimensionless concentration (C/Co) 
plotted as a function of pore volumes for the toluene 
evaporation experiment. While liquid toluene remained, the 
stripping gas was saturated. For the large amount of liquid 
toluene in the experiment, the stripping gas remained 
saturated for approximately 5600 pore volumes, followed by a 
dramatic decrease from 1 to approximately 0.004 in less than 
100 pore volumes. After this period of rapid decline, the 
concentration curve began to flatten out at around 5800 pore 
volumes. The small variations in the saturated 
concentrations were due to temperature fluctuations and 
changes in the GC detector sensitivity.
Figure 5.25 and 5.26 show the dimensionless mass 
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Figure 5.24. Dimensionless concentration of toluene in the
outlet gas of evaporation of liquid toluene from a dry
column. Nitrogen at 0% RH.
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Figure 5.25. Mass fraction of toluene remaining in the
column as a function of time for evaporation of liquid










0 1 0 0 0  2 0 0 0  3 0 0 0  4 0 0 0  5 0 0 0  6 0 0 0
Pore Volume
Figure 5.26. Mass fraction of toluene remaining in the 
column as a function of pore volumes of gas injected for 
evaporation of liquid toluene from a dry column. Nitrogen at
0%.
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and pore volume, respectively. Plotted as a function of 
time, changes in flow rate changed the toluene removal rates 
shown in Figure 5.25. The slopes of the curve for the first 
two periods remain constant. However, for the third region a 
dramatic change in slope occurs at around 105 hours into 
extraction. This final change in slope is consistent with a 
shift in mechanism from evaporation of liquid toluene to 
desorption of toluene from the dry Ottawa sand.
On a pofe volume basis, the mass removal rate is 
insensitive to the gas flow rate until liquid toluene is gone 
and desorption occurs. For a pure liquid, liquid phase mass 
transfer resistances do not arise and the stripping gas 
readily saturates. As a consequence, the gas phase 
concentration were always saturated with toluene. In such 
situations the removal rates depends on the gas volumetric 
flow rate. Practically increasing stripping flow rate will 
remove contamination quicker if the effluent concentration 
does not decrease as the gas flow rate increases. A decrease 
concentration with increase flow rate would indicate a mass 
transfer resistance exists and further increases in the gas 
flow rate cannot recover contaminant faster than this mass 
transfer barrier allows.
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5.3.2 Unsaturated Ottawa Sand at 100% Relative Humidity of
the Stripping Gas 
An initial attempt to contaminate an unsaturated column 
(about 20 volume percent water) with liquid toluene was made 
by pumping approximately 1 pore volume (based on total of 33 
volume percent) of toluene (down flow) through the 
unsaturated soil column. It was anticipated that toluene 
would fill only the vacant pores and not displace the water 
held within the smaller pores. However, the toluene 
displaced approximately all of the water present before 
toluene introduction. As a result, the column was now at a 
similar starting point to the previous experiment and rather 
than repeat that experiment this approach was abandoned.
The next attempt involved adding a smaller amount of 
toluene to the top of the unsaturated column (5 g) and 
forcing the liquid to drain using nitrogen saturated with 
water and toluene. That is, downward flowing nitrogen was 
continued for four hours to evenly distribute toluene 
throughout the column. As before, toluene displaced 
approximately an equal volume of water (about 4.2 mL). It is 
difficult to accurately determine the amount of toluene held 
within the column given this contamination situation since 
both water and toluene were produced and needed to be 
separated to know the exact mass of toluene remaining on the 
column.
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Column preparation followed closely the procedure for 
establishing an unsaturated soil column (Table 5.9). Of the 
total mass held initially in the column, 99.66 percent was in 
the liquid phase. The remaining mass consisted of that in 
the vapor, pore water and dead spaces of the column. The 
flow of the stripping gas remained constant at an average of 
7.62 mL/min, which equates to a linear velocity of 0.045 cm/s 
(for an unsaturated system). The residence time was 8.45 
minutes. Of the initial 4.23 g of toluene held in the soil 
column, 3.88 g were recovered (91.85 percent removal). As 
already mentioned, the initial mass indicated is suspect.
The extraction occurred for approximately 122.8 hours or 
915.7 pore volumes.
Figure 5.27 shows the normalized toluene concentration 
as a function of pore volume. The concentration ratio 
remains constant for the first 390 pore volumes of evapora­
tion because toluene is present within the system to saturate 
the stripping gas. At around 400 pore volumes until roughly 
4 60 pore volumes the concentration drops abruptly. After 460 
pore volumes a more gradual decrease occurred.
Figure 5.28 and 5.29 show the mass remaining in the 
column with respect to extraction time (hours) and pore 
volumes, respectively. In this experiment there were no 
changes in mass removal as a function of extraction time 
























10 0  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0
Pore Volumes
Figure 5.27. Dimensionless concentration of toluene in the
outlet gas of evaporation of liquid toluene from an
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Figure 5.28. Mass fraction of toluene remaining in the
column as a function of time for evaporation of liquid
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Figure 5.29. Mass fraction of toluene remaining in the
column as a function of time for evaporation of liquid
toluene from an unsaturated column. Nitrogen at 100% RH.
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column experiments, there is a sharp decline in the mass 
removal rate once liquid toluene is evaporated. In this case 
the transition is consistent with a shift in mechanism from 
evaporation of liquid toluene to extraction of toluene from 
the retained water.
5.3.3 Evaluation of the Transition Region
The interesting region of the concentration curves is 
the transition period between the saturated region (when 
C/Co=l) and after the dramatic concentration decrease.
Figure 5.3 0 presents the extraction period for 300 pore 
volumes for both runs. The zero points for each run is the 
transition when the concentration ratio remained constant for 
the final three points before the rapid decrease. Point zero 
for the dry column experiment was taken at 5680.2 pore volume 
and point zero for the unsaturated was taken at 410.0 pore 
volumes. Pore volumes in Figure 5.30 have been calculated 
based on the total void volume and not liquid free volumes.
By plotting the data this way, the two evaporation runs can 
be compared.
The initial transition period is the same for both the 
wet and dry columns. In fact, the only apparent difference 
in the transition period was that the outlet toluene 
concentration from the dry column was higher. Both the wet 
and dry columns show long slow changes of the low 
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Figure 5.30. Dimensionless concentration of toluene in the
outlet gas for evaporation of liquid toluene from dry and
unsaturated columns during the transition period.
T-3967 189
a probable mechanism shift from evaporation of liquid toluene 
to extraction of toluene for the wet column and desorption 
from the sand in the dry column.
190
Chapter 6.0
CONCLUSIONS AND RECOMMENDATIONS 
FOR FURTHER STUDY
From reviewing previous research efforts on SVE two 
types of experimental approaches were taken: 1) laboratory
simulation of field conditions, and 2) mechanistic 
investigation of mass transfer processes. When field 
conditions were simulated by running experiments with liquid 
VOC in either large scale apparatus or in soil columns, 
understanding of SVE was essentially limited to the 
evaporation process only. Mechanistic studies typically 
applied the VOC in the vapor phase to evaluate the mass
transfer processes occurring other than evaporation, as pore
diffusion, mass transfer of VOC dissolved in the water and 
desorption of the sorbed VOC from the soil mineral and 
organic matter. Previous mechanistic studies focused on the 
initial phases of the SVE process not on the latter stages of 
extraction when mass transfer limitations might be more 
pronounced. As a result, this research focuses on the latter 
period of extraction where mass transfer and kinetic 
limitations might exist. In order to perform these
experiments it was essential that a controlled experimental
process was developed.
A total of 19 experiments were conducted to study the 
following mechanisms on: extraction of VOC dissolved in
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retained water; adsorption/desorption of toluene onto soil 
solids (mineral and organic); and evaporation of liquid 
toluene. Of these experiments 11 of them were conducted on 
the extraction of dissolved VOC from the retained water.
This mechanism was looked at theoretically through the 
development of a mathematical model.
The mathematical model predicted that upon contact of 
toluene free vapor with toluene saturated water 99.5% 
equilibrium saturation of the vapor would be reached within 
11.4 minutes. A critical parameter for this model is the 
characteristic length of the vapor pore which was estimated 
using the hydraulic radius of the sand pack. If this length 
was to increase by only a factor of 2, the time to reach 
99.5% equilibrium saturation would increase to 45 minutes.
An interesting note is that equilibration time increases with 
increasing Henry's law constant. For instance, naphthalene, 
because of its extremely low Henry's law constant would reach 
equilibrium saturation in the vapor phase in a much shorter 
time than a volatile component like benzene.
For extraction of toluene dissolved in the retained 
water, two parameters were studied: stripping gas residence
time and relative humidity. Three flow rates were run 3.4, 
7.0 and 17.4 mL/min with calculated residence times of 30, 9, 
and 3.7 minutes, respectively. The mathematical model 
predicted equilibrium saturation at around 11 minutes. The
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model result corresponds well with the laboratory data, 
indicating that deviations in toluene concentration are a 
result of insufficient residence times (middle and high flow 
rate) to reach equilibrium saturation. However, in the 
latter stages of extraction (beyond 20 pore volumes) mass 
transfer limitations have a greater effect as indicated by 
the greater decrease in toluene concentration in the 
stripping gas with increases in flow rate. This is also 
observed on a mass fraction of toluene remaining in the soil 
column basis. More toluene was apparently removed (on a gas 
volume basis) at lower flow rates than at the higher flow 
rate.
Intermittent flow of the stripping gas affected the rate 
of removal of toluene from the column only during the later 
stages of extraction (beyond 40 pore volumes). Also 
intermittent flow extraction runs were able to remove as much 
of the initial toluene with about one-half the gas volume. 
Shut off times of 30 minutes or more did not increase the 
concentration with any significance, which agrees well with 
the model indicating that the vapor phase will reach an 
equilibrium saturation with the water phase in around 11 
minutes. This suggests that an intermittent flow technique 
or reduced flow rate might be considered when the 
concentration of the exhausted soil gas drops significantly 
below the start up concentration.
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Whether relative humidity affects the rate of toluene 
extraction from water was not clear. At 0% relative 
humidity, the concentration decreased more rapidly than the 
100% relative humidity runs after approximately 7 pore 
volumes into extraction. Replication of this condition 
confirmed this result. At 50% RH the concentration remained 
the same throughout most of the extraction, but after 
approximately 3 0 pore volumes the concentration appeared to 
decrease more rapidly.
Adsorption/desorption of toluene vapors on dry Ottawa 
sand, dry humic acid coated Ottawa sand, and unsaturated 
humic coated Ottawa sand was studied. The amount of toluene 
adsorbed onto dry Ottawa sand did not greatly deviate between 
dry and humidified nitrogen. Approximately 0.09 mg/g of 
toluene vapor adsorbed onto the Ottawa sand for these runs.
It was noticed however that the dry nitrogen experiments took 
longer to reach the equilibrium saturation value (C/Co =1) 
than did the 100% RH run. Other researches reported more 
significant differences of the amount adsorbed between 
relative humidities. Desorption of toluene from the Ottawa 
sand surface indicated that the 100% RH condition decreased 
in concentration more rapidly.
A humic acid coating was put on the Ottawa sand to 
observe the adsorption/desorption effects of soil organic 
matter. For the 0% and 100% relative humidity experiments
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0.245 mg/g and 0.24 mg/g of toluene absorbed onto the soil, 
respectively. Humidity appears to have no effect on 
adsorption of toluene onto the organic matter. In the 
presence of the humic coating, adsorption takes much longer 
to reach the saturated value (C/Co =1) than Ottawa sand 
indicating mass transfer limitations. In the presence of 
retained column water the saturation concentration was 
reached even more slowly indicating an additional mass 
transfer resistance by the water. The humic material alone 
was able to adsorbed approximate 60 mg/g. In the unsaturated 
column 0.28 mg/g of toluene sorbed on to the soil and 
retained water. Desorption of toluene from the humic acid 
coated Ottawa sand indicated much slower rates than the 
Ottawa sand alone and the unsaturated humic coated Ottawa 
sand column the slowest. However, both the dry and 
unsaturated columns removed toluene at approximately the same 
rate up until approximately 20 pore volumes. Then the rate 
of removal for the unsaturated column begins to slow down 
indicating greater resistances to mass transfer caused by 
both partitioning from the humic acid film and the retained 
water.
Evaporation of liquid toluene was conducted in dry and 
unsaturated soil columns. For the dry soil 41.2 g of toluene 
were retained and for the unsaturated column 4.2 g of toluene 
were added to the top of the column. Evaporation of liquid
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toluene appeared to be a convecting limiting process 
throughout both runs followed by shift in mechanism to either 
the dry sand desorption or extraction from the retained 
water. It is apparent that desorption from the dry sand is a 
slower process. The transition between evaporation under a 
convecting limiting regime and the mass transfer limiting 
regimes is quite rapid and occurs similarly for both dry and 
unsaturated columns.
As far as experimental design, it is recommended to 
conduct additional research on mechanisms using this 
experimental setup but with some changes such as a tighter 
environmental controls (e.g., temperature) and more frequent 
sampling of the soil column exhaust. Soil media could be 
changed such as using a natural soil which is well classified 
for texture mineralogy and soil organic content. This would 
allow for studies in the adsorption capacities of clays and 
natural soil organic material. Adsorption studies should be 
performed at varying degrees of VOC saturation to generate 
adsorption isotherms for evaluation of monolayer coverage.
Additional work in mass transfer mechanisms should be 
performed to evaluate the diffusion out of both liquid phase 
and lower permeable soil regions. These experiments would 
require more creative packing arrangements and experimental 
setup. However, these experiments would answer the questions
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concerning heterogeneity common in the vadose zone which 
greatly inhibits the immediate success of SVE.
Finally, this system could be setup using air instead of 
nitrogen and a soil system allowing biological activity to 
degrade the VOC. Under tight controls, a mass balance could 
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EXPERIMENTAL DATA AND MASS BALANCE CALCULATIONS
Table A.l summarizes the list of experimental data 
tables. Tables A.2 through A.20 report raw and calculated 
data for all the experiments performed.
Explanation of Data Calculations and Terminology
These example calculations correspond to the data 
tables A.2-A.20.
Soil Column Preparations. (See example calculations in 
Appendix 4A)
Method to Calculate Initial Mass of Toluene in an Unsaturated 
Column:
• Concentration of toluene in water was determined 
from direct injection of the saturated 
water/toluene mixture into the GC.
• Concentration of toluene in vapor pore: calculated
from the equilibrium saturated value of Cc.
• Mass of toluene in the vapor pore: taken as the
vapor concentration multiplied by the volume of 
vapor in the soil column. For run Al, the initial 
mass of toluene in the vapor was 6.2 mg which 
equalled to 22.75 percent of the total mass.
• Mass in the soil water: VOC in water concentration
times the volume of water retained in the soil 
column. For run Al this value, was 19.3 mg, which 
comprised of 70.75% of the total mass.
• Mass of toluene in the column "dead” spaces: this
region takes into account the spaces outside of the 
sand pack outlet of the column and the sample loop 
of the GC. For run Al this mass equaled to 1.8 mg,
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which accounted for 6.51 percent of the total 
initial mass.
Flow rate of Nitrogen: was recorded periodically during an
extraction run. The extraction run was subdivided into 
periods in which a specific flow rate was used. For instance 
over night the flow rate would sometimes drop so the value 
used for integration was the average of the recorded flow 
rates before and after this period.
Discussion of the table calculation
• Date and Sample Time - per column heading: was recorded
at the sample time automatically by the data collection 
system of the GC
• Run time - is calculated based on the start time
recorded by hand
• Adjusted time factor - is calculated by subtracting the
residence time of the effluent gas from the top of the
sand pack to the sample loop based on flow rate
• Volume of Nitrogen - is based on flow rate and run time
• Accumulated volume is the accumulated total volume of
nitrogen
• Pore Volume - is equal to the accumulated volume divided
by the vapor void volume. This value is either based on 
total porosity or vapor porosity (less the water filled 
porosity)
• Area Counts - are recorded automatically by the GC data
acquisition system.
• Sample Loop Concentration - area counts are
converted to mass from the calibration curve and
divided by the volume of the sample loop. For run 
Al the value of the calibration curve slope is 
equal to 7.57 x 109 area counts per gram and the
volume of the sample loop is 0.25 mL
• Dimensionless Concentration - was calculated by dividing
the concentration at the sample injection by the
equilibrium saturation concentration, CG. The range of 
CQ from 0 to 1
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Breakthrough: is equal to the center of mass of either
the adsorption or desorption curves and is equal to the 
integrated area (or mass of toluene) under the curve 
divided by the flow rate and the maximum concentration, 
Co. In dimensionless terms breakthrough is given in 
pore volumes (unitless) as:
C/C0 * PoreVolume 
C/Cm
where C°sat is taken as the equilibrium saturation 
concentration
and in dimensionless terms the breakthrough value 
is equal to unity.
Calculated Mass by Integration - the mass of toluene 
desorbed (extracted) was calculatgw by direct 
integration under the curve using the following method:
Mass of toluene removed = £ Ct x volume
for adsorption the mass removed is calculated as 
follows:
Mass of toluene adsorbed = £ (1-Ct x volume)
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Table A.l List of Experimental Data Tables
Extraction of Toluene Dissolved in Water
A.2 Run Al, Base Case, Unsaturated Ottawa Sand,
Standard Flow Rate and 100% RH
A.3 Run A2, Base Case, Unsaturated Ottawa Sand,
Standard Flow Rate and 100% RH
A.4 Run A3, Base Case, Unsaturated Ottawa Sand,
Standard Flow Rate and 100% RH
A.5 Run A4, Effect of Flow Rate, Unsaturated Ottawa
Sand, High Flow Rate and 100% RH
A.6 Run A5, Effect of Flow Rate, Unsaturated Ottawa
Sand, High Flow Rate and 100% RH
A.7 Run A6, Effects of Intermittent Gas Flow,
Unsaturated Ottawa Sand, Standard Flow Rate and 
100% RH
A.8 Run A7, Effects of RElative Humidity, Unsaturated
Ottawa Sand, Standard Flow Rate and 0% RH
A.9 Run A8, Effects of Relative Humidity, Unsaturated
Ottawa Sand, Standard Flow Rate and 0% RH
A.10 Run A9, Base Case, Unsaturated Ottawa Sand,
Standard Flow Rate and 100% RH
A.11 Run A10, Effects of Intermittent Gas Flow
Unsaturated Ottawa Sand, Standard Flow Rate and 
100% RH
A.12 Run All, Effects of Relative Humidity, Unsaturated
Ottawa Sand, Standard Flow Rate and 50% RH
Adsorption/Desportion of Toluene Vapor Onto Soil Solids:
A.13 Run Cl, Dry Ottawa Sand, Standard Flow Rate at
0% RH
A.14 Run C2, Dry Ottawa Sand, Standard Flow Rate at
0% RH
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A.15 Run C3, Dry Humic Acid Coated Ottawa Sand, Standard
Flow at 0% RH
A.16 Run C4, Dry Humic Acid Coated Ottawa Sand, Standard
Flow Rate at 100% RH
A.17 Run C5, Dry Ottawa Sand, Standard Flow Rate at
0% RH
A.18 Run D, Unsaturated Humic Acid Coated Ottawa Sand,
Standard Flow Rate at 100% RH
Evaporation of Liquid Toluene:
A.19 Run Bl, Dry Ottawa Sand, Liquid Toluene Only at
Residual Saturation, Increased Nitrogen Flow Rate 
(15 to 85 mL/min) and 0% RH
A.20 Run B3, Unsaturated Ottawa Sand, Small Volume of
Liquid Toluene Applied to Column Pack, Standard 
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= CM3 2:a- —
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wwno)©ino)0)*-o>cô o “  - ** ‘ ^ w o f f l o i o o i n t M
ooooooooooo
fv ̂  cm o




JfNNttOCMCXOO)”1®0!1?“ ‘ ‘ “' “ “ ' ̂ «icoVin§SSS2 ««ao)Qrr?I
cvj coN S S N
©  ©  ©  ©  a IOCOCOCO<OCDCDCOCD<DCOCOCO<OCDCO<OCOCOCDCOM ^  M (O CO OOOOOO CM CM CM CM CO •* co eo co co o o o o ^ ^
C M S f o i f l C M S C M C O P )  (O N n Tf (D S O) O CModod'Sî t̂ r̂ r̂ r̂ooodi- t- ̂ oonnono
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N S « C O « O C D ® 0 ) 0 > 0 ) » O O C M W W ( » ) 5 f t l f t i n ( O N N B » ® O O r r r r r r r r r r W C M ( M W
CMMCMCyiwcMWCMcyicyjtMCMoooonoonnonowono^^^^t^^^t^^^t'^^^
CO o o 
O CM  ̂
is is rs 
CM CM CM
CO <0 CO W CO CO 
CO 00 O CM CO
00 00 CO
C O C O C O C O C O C O C O C O C O C O O O O a Q O n O O O f l O C O O O f l O C O Q O l A ^ C O C V I t - O a O O N C D l O ^ n C O  
Q O O O i ^ ( O O ^ C O ^ U ) C O ^ O C D C M O O ^ O ( D C y j f l O ^ O ( O r - C y < C O ^ t f ) ( D ( O N O O O ) 0 «-CMCO 
i M > « Q G D O 0 0 0 ) 0 ) 0 ) 0 ) 0 ) O O C M ( \ l ( \ l ( 0 ^ < i n i 0 ( D N N f l 9 0 0 0 ) O O r r r - r r r r r r r ( M M C y | ( \ l  
CMCMCMCMW<MWCMCVCyJCMWCOCOCO<0 < O C O ( O C O < O C O C O C O C O C O C O C O ^ ^ ^ ^ ^ « f t ^ ^ ^ ^ ^ ^ ^ ^ ^
0 ( O < D ( O ( O C O C O < D C D C O ( O < O C O C D O C O { O ( O T - f - t - i - T - r * t - i - f - T » i - i - » - t - C O N ( O l f i ^ C O C M T - O O ) C O N ( O ( O
n i n r n i A r n ^ r n i n r o u ) u ) n ^ 9i o o o o o o o o o o o o o o ^ i f ) O r c g ( o ^ ; i f ) O O r c y p ) t
a o > d d d ^ ^ ^ w w w n o n ^ u o N o a d ^ w o d f - w o ^ i i i N © a c o o ) o > c i o ) o i c > 6 c ) d d d d
















S S S N N S S t f ( D ( 0 (0 (0 <0 ( D U ) l / ) W i n i f l ^ ^ ^ ’t ^ O O W O O W W W W ( N J i - r - r r » - r O O O O O O  
< 0 ( O< O< O< O( O< 0 < OC0 ( O< O< O< O< O< O< OCO< 0 < O< O( 0 ( O< O< O< O< OOO< O< O< O< O< OCO< 0 < 0 < O< O< 0 ( 0 < O< 0 ( O< O< O< O  
QOGOCOGOCOGOGOGOaOGOGOGOCOCOGOGOGOGOGOGOGOGOOOGOCOOOGOCOCOOOOOCOGOCOGOCOOOCOGOGOGOGOOOQOGOGO 
0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0  0 0 0 0  0 0 0 0 0 0  0 0 0 0  0 0  bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb
t t N N f l 0 C0 0 ) O O f ( N J C i n n ^ t n t f ) ( D N 000) O r * M n ^ i n t A ( D S f l 0 0 ) O O « - C M n r ) ^ i A « A < D N s e 0 0 > 0)
^ T. t . ^ ^ ^ c v j C M C M C M ( M C M C M ( N J C N j c v e N j < v ( N J C M n c o n n n o c o n n n n ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^
( O ( D ( O ( D ( O ( D ( D ( D ( 0 ( D < O ( P ( 0 ( O ( O < O ( O ( D ( 0 ( 0 ( D ( D ( O ( O ( O ( D ( D ( D ( D ( D ( D ( O ( O ( D ( O ( D ( D ( O ( 0 ( P ( O ( 0 ( O < D ( D ( D
COOOGOCOGOGOGOGOGOGDGOCDCDCOGOOOCOGDGOGOGOGOGOCOGOGOGOGOGDGOGOGOGOGOGOOOGOOOGOGOCOGOGOOOOOCO
w f o o w o c o o o o n o o o o o o w o w n n n o o c o w n o o c o o o f o o o o o o w w w w o n f o n
o c s i n N S N ( D ( 0 (0 ( Di 0 i r i t f ) i / > i n t f ) r )
LU Ui LU UJ UJ UJ LU
GO (D Ul
d d d d d d c s i c M C \ i c \ i c M C M C M C M C M C M
LUUJLULU UJU JUJU JlULU LUUJLUUJLULUUJLUUJLULULUUJUJU JUJUiLULiJU JLUUJUJLUUJUJU JLUIiJLU UJU JLUUJLULU  
O r ' W ( D T - © r - t o c \ j i n c M C N j r ) 0 ^ ( O o o o i O ' t c j c o t n i r ) 0 ( D i - c N j S ( o i n ( o t n ^ c s j ^ i - s o t n ( G r - c o s o a )  
{ M n w f l » N ^ n f t i f f i £ D S S ( O i f l ^ < d ' n f f i N i f t i n i n c \ i « n c \ i ( \ i t - t - o o c 0 0 ) C0 0 ) © f l 0 S ' v '/' ' f tW' , v MS , v , A
^ t f 7 t M w r j u v v o o a j i n v i iJ o 3 « j u ) U ' t f r -
WNO)flON l0̂ nO)NtOlOtOCVICOnC\i(NJ
d d d d d d d d d c M C \ i c M C M C M C \ i c M C M C M C M C M C M C M C M
O a } ^ O ) C O O ) O O O r O O V N O l O C O ^ l O O N < O O N O ) ( V ^ O ) N O 3 N ^ O r l O ( ] ) S O f l O 0 ) r N r M N O )
GONGOOO)«ACl)M(OlOC)r)r*0)GOCOlOO(DOCM(OGOO)GOQONlO(0̂ r̂>r)t-(VI(MOOQONGONOOOOO(D
0 0 © © C O N N S N ( D < 0 © < 0 ( O t O l f l i f t l O t O ^ ^ ^ ^ O O O r ) P > { O O O n n O O O O ( 0 0 ( MWCy| CVI OWCMCNJ
<0 ▼- m o  in o  in 
s  co oi r '  ♦  d  oi r  ♦  <p oi
l O O V n t O N t - D l O N O T - ^ t D G O O W ^ t O O l i - f O t O
r r i d i n ^ a ) ^ d ( d n o i i O r n ^ O ( O N q i u ,iN ( O O ) r ^ ( O O ) r ^ ( 0 A r ^ ( O G O r P ) O ) l O MO ^ O ( O n O ) l O r O O t I ( N i O ) l O r N n
N O J ( V ( O n r ) O t ^ ^ t l O l O l O l O ( O ( O ( D N G O a O O ) O O f - T > O J r ) n ^ l O l O ( 0 ( DNGOOOO)
tOiAtOlOlOlOlOlOlOlOlOlOlOlOlOIOlOlOlOlOtOlO(O(O(OttlO(O(0(O(O(O(O(O(O(D(D(O
O J CV J ^ t OOOOCV J r f N  
g < y j r w v w < w ^ w < u j r i - ' C O O © W t t t O ^ S ( ' )  T - w n f ) t o i O s c o o D ) 0  “  -
I f t S O O C O f O f O O
C M O C O t- N C O O I O
0) 0) 0 ( M n t n ( D e o  
CO CO
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C M C M C M ^ O O O O O O O O O O O O O O O O O O O O O O O
r ^ r ^ r ^ ^ c o c o c o c o o c o c o c o c o c o c o c o c M O O O o o o o o o
0 0 0 0 0 0 0  
0 0 0 0 0 0 0   ̂̂  ̂   ̂̂  ̂ o  o  o  o 0 0 0 0 0  0 0 0 0 0  ^  ^   ̂̂ o  o  o  o 0 0 0 0  0 0 0 0   ̂̂  ̂  ̂
o t n o o o N o n N o n s o n N O i n f l o w N o n s o n N o n s o o s o c o s o o N o n N O o N O P )  - -     * -- * - •  — — - *  * *■ * 0 ) N i f l 3 f c v q o ) S t G ^ w q o ) N
- C N i d b ^ b c o f ^ f l b o d o )
N- CO O  CO
O S O O N O n N O O N O t f l f l O W N O
COOCOCOOCOCOaj COCOOJ COl f l COCMOO) N i n ^ C S I O O N t f l ^ W O
d d ^ ^ ^ ^ c v i w w d d d ^ ^ ^ t n i f i t d s f l d c o o i d r - ' c s l d d ^ t r j t f i s d G O o i d T - ' c N i d d ^ t r J t d s c c i c o
N S S N N K S S N S S N S S N S N N S N N N C 0 f l 0 C 0 f l 3 C D C 0 C 0 O C D C D C 0 C 0 0 ) 0 ) 0 ) 0 ) 0 ) 0 ) O 0 ) 0 ) 0 ) 0 ) 0 5
S  S  N  N  f"** S  S  S  N  N  N  N  N  N  S  N  N  N  t*** N  P""* S S N S N S N N N  P** N  P"1* N  P* N  N  P"*» P"** N  N  P» N  S  S  S
d d d d d d d d d d d d d d d d ^ ^ ^ d c N i c N i c s i c s i c s j c J c s i c s j c s i c s i c s i c v i c J c N i c N i c s i c v i c N j c N j d c N i c u c N i d c v j c v i
^ ^ i n N O t - o i G N O t - n t o s o r - n c o o c o n o o n o D n f l D o c o n c o o o D n f l D o o o o f l o n c o o c o n f l o o o o
C J O J ( N i M C M O O O n 0 ^ ^ ^ ^ ^ t f ) t f ) t f ) < D ( D N N f f i 0 9 0 ) 0 ) O O r * « - C M G J O O ^ ^ t n i / ) ( D ( D N S Q O C O O > 0 )
, m 0CM CM CM
m  ̂CO t** r*  ̂1*  ̂  ̂f*  ̂t- r* CO w w i-' I-'* i''* 1̂  i'** 1 i-» 1 ̂ 1 ■» i'* 1 ■» i'* 1 1̂  »-̂ 1 ̂  1-̂ 1 »-̂ 1
i G O ^ n i r t ^ o t o r ; o t f l y n i n ^ o ^ n w r - q i n ^ o w r - q i n ^ o w r - q i f t ^ c o w r ; O i / ) ^ ; n w y i O i / )
o ^ ^ ^ ' ^ N W w n o w ^ ^ ^ i i i H i i r l i N M o i d ^ w w d d t - w n ^ i / i t o i b N o b i d d T -r - r - ' r t - T - T - r ' T - T - T - r r r r r - r ' T - r r r i - i - O J C V W C M  r - T - r - * - T - * ~ * - i -
S N S N N N N S S S N N S S S S S P*«» P** . . .





0 > 0 ) O ) 0 ) 0 ) O ) 0 ) 0 ) C 0 0 0 f l 0 Q 0 f l 0 0 0 Q 0 O Q 0 S N N N N N N N N N
OOOOOOOOOOOOOOOOOOOOOOQOOOOOOOOOOOOOflOOOQOOOOOOOOOOOOOooooooooooooooooooooooooooo ddoddddo ddddbdddddddddddddo
O T - i - C N i t \ / < » ) C O ^ ^ l O l r t ® < 0 < O N N C O f l O O ) 0 ) O O ^ r ‘ r - < N / W
i n i r ) i n ( n i / ) i o i o i n i A i o i n k n i o i n i n i n m i o i n i A ( D ( 0 (O (D < O (D (D
( O ( D ( O ( f i ( 0 ( D ( D ( 0 ( D ( C ( O ( O ( O ( O ( O ( O ( O ( f i ( O ( O ( 0 ( D < O ( O ( D ( D ( O
C O O O C D C O C O a ) O O Q O C O C O O O O O O O O O O O C O » Q 3 0 0 e O C O C O a ) 0 3 G O C O Q O
o o n w o o r t c o w o n o c o n o o w o p j o o o w o o o o
i A i A i n i n i A m n i o i A t / ) i A i A t f ) i A i n i r ) i A ( o i n i A i n i r ) i n i n k n m i nooooooooooooooooooooooooooo
UJUJUJUJUJUJUJUJUJUJUJUJUJUJUJUJLUUJUJUJUJUJUJUJUJUJUJ
W n N O ( D P ) ® ^ ^ W O ) ( O N O t O t O O ) ( O O r r O ) W S W
(OIO(OrO)OCOO)COrO)lACpS(OMin(OM(DniOr(DCOrlA
nnnnnnnn 
000000 “  “
UJ UJ UJ UJ UJ 
in O  CD ^  T-o o
UJ UJ UJ UJ UJ UJt— GO CNJ CO ̂ CD ̂O ̂ CNJ CV CNJ
CO o CD o CO
O  CO ^  t-  1-  1-CM CNJ CNJ CNJ CM CNJ
wuwooooqoqoooooqqoUJUJUJLLJUJujuJUJUJUJUJLULULIJUJujuJUJ
O r - k n i f i C N J C N J i n ^ - O C D S C D f f l T - O C M O C O
0 0 0 ) O O O O C O O O C N J t O l f l N ( \ J ^ l O
T*r0) r - r0)O0)05r -0)0>»*0)CD®©S
ooooooooooooooooooUJUJUJUJUJUJUJUJUJUJUJUJUJUJUJUJUJUJCNJCOCNJOlft^-CNICOT-OCOCDCNJCOOOCOCOCNJ CNJCNJCNJCNJCNJr-CNJ-*-CVr)T“ t-C0f“ O^-OCNJ 
▼“ T-‘ T-' T-’ -r-‘ ^ T-' ^ ^ CT>
NO)(DOOi-r)(D9)lOOCVt(O^SC\J O O O i - r O ) 0 0 ) O M O ) 0)(NIO)CO CNJCNJCMCNJCNJt-CNJt— CNJCNJt-^CNJt-^-
00 * « gN (b N ̂ M
00 00 O UJo o o uj uj uj *2 CNJ o 5,(0 0)00 oi N 00 5
o » - r ) i n N O ) ( N i i t c o c o o c M i n N O ) T - n » f i S o w ^ ( o o 3 0 n i r ) S  
b c d c N i c d ^ b r ^ b d i r t C N j c d ^ b b b b b ^ - ' c o V d b c v i b i r i ' i - ’ btin(D(ONOOCOO)OOrf-CNJnP5̂ l̂O(0(ONCOCOO)0)OrrS N S S N S S S G O C O C O Q O C O C O C O C O C O C O O O a O O O C O C O O O C O O > 0 ) 0 )
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